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All  animals,  including  humans,  require  a dietary  source  of  vitamin 
E.  Cereals  and  grains  are  a major  source  of  vitamin  E for  the  world's 
population.  During  processing  and  storage,  the  vitamin  E content  of 
foods  is  known  to  decrease.  Additional  research  characterizing  the  fac- 
tors that  cause  destruction  of  vitamin  E is  needed.  There  have  been 
only  a few  reports  that  characterize  the  biological  activity  of  vitamin 
E in  stored  foods.  This  study  was  designed  to  characterize  the  param- 
eters which,  influence  the  storage  stability  and  biological  activity  of 

The  storage  stability  of  u-tocopherol  in  a dehydrated  model  food 
system  was  studied.  The  storage  parameters  which  were  varied  Included: 
lipid  composition  (no  lipid,  saturated  lipid,  or  unsaturated  lipid); 
the  water  activity  (a^)  (0.10,  0.24,  0.42,  and  0.65);  the  storage  tem- 

or  4.8  mmol  gaseous  oxygen  per  container). 


lipid  (hydrogenated  coconut  fat) . 
decreased  as  a function  of  a thrc 
rate  of  a-tocopherol  degradation  i 

oxygen.  This  relationship  was  mot 

parameters  including  the  apparent 
energy  of  activation 


it  fat).  The  rate  of  a-tocopherol  degradation 


higher  (p<0.05)  when  tl 

ie  availability  of  oxygen  at  the 
iter.  The  thermodynamic  activation 

affected  significantly  (p<0.01)  by  a change 
oxygen  content  in  the  storage  container,  indicating  that  the 
a-tocopherol  degradation  was  not  altered  by  changes  in  the 


During  storage  of  the  model  food  system  containing  a-tocopherol  and 
methyl  llnoleate,  losses  of  either  a-tocopherol  or  methyl  llnoleate  could 
be  modeled  by  zero  order  kinetics.  The  loss  of  a-tocopherol  did  not  fol- 
low simple  zero  order  kinetic  theory  because  the  degradation  rate  of  a- 
tocopherol  and  methyl  llnoleate  were  affected  by  the  initial  a-tocopherol 
concentration.  A complex  reaction  involving  competition  of  a-tocopherol 
and  methyl  llnoleate  was  proposed. 

The  rate  of  a-tocopherol  loss  in  a dehydrated  model  food  system 

the  storage  container  oxygen  content,  and  the  storage  temperature.  The 
rate  of  a-tocopherol  loss  was  the  slowest  at  0.23  a , a value  near  the 

decreased  below  the  B.E.T.  monomolecular  moisture  content  (to  0.11)  or 


a-tocopherol  loss  decreased  as  the  a (0.67)  approached  the  region  of 
capillary  hydration.  Alpha-tocopherol  degraded  more  rapidly  (pi.0.01)  in 
the  model  food  system  stored  with  limited  headspace  due  to  the  different 

limited  oxygen.  Alpha-tocopherol  degraded  almost  completely  when  stored 

apparent  activation  energies  were  not  significantly  affected  (p£0.01)  by 

altered  by  these  storage  parameters. 

The  biological  activity  of  a-tocopherol  remaining  in  the  model  sys- 
tem after  storage  was  evaluated  by  a rat  bloassay.  In  addition  to  the 

were  evaluated  for  their  vitamin  E biological  activity. 

tainlng  no  fat  or  saturated  fat  was  biologically  active.  Following 
storage,  the  biological  activity  of  a-tocopherol  in  the  model  system 
containing  methyl  linoleate  was  lower,  indicating  that  a-tocopherol 
degradation  may  occur  during  digestion  and  absorption  in  the  rat.  Two 

eryl  quinone,  exhibited  vitamin  E biological  activity. 

degradation  rate  and  pattern  of  a-tocopherol  degradation.  These  factors 
must  be  controlled  to  minimize  the  loss  of  a-tocopherol  during  storage 


INTRODUCTION 


Although  all  animals.  Including  humans,  require  a dietary  source  of 

established.  Two  U.S,  dietary  surveys  by  Bunnel  et  al.  (1965)  and  Blerl 
and  Bvarts  (1973)  reported  average  human  dally  Intakes  to  be  7.4  mg  or 
9.0  mg  of  o-tocopherol,  respectively.  The  National  Academy  of  Sciences' 
Food  and  Nutrition  Board  (1980)  reported  that  a balanced  diet  should 

ciency  and  established  a recommended  dally  allowance  of  8-10  mg  of  o- 
tocopherol  for  adults.  Cereals  and  grains  are  a major  source  of  vitamin 


food  products  have  not  been  characterized.  Specifically,  the  effects  of 

tlon  on  the  stability  of  vitamin  E have  not  been  evaluated.  Labuza  (1972) 
reported  that  few  data  are  available  to  predict  the  storage  stability  of 
a-tocopherol.  Likewise,  the  biological  activity  of  a-tocopherol  and  Its 
decomposition  products  as  a function  of  processing  and  storage  has  not 

This  study  was  designed  to  evaluate  the  storage  stability  of  a-tocoph- 
erol  in  a dehydrated  model  food  system.  A factorial  experimental  design 
was  used  to  study  the  effects  of  water  activity,  storage  temperature, 
oxygen  availability,  and  lipid  composition.  The  biological  activity  of 


a-tocopherol  and  it 


degradation  products  w 


A.  Identify  the  storage  parameters  which  are  important  in  stabiliz- 
ing a-tocopherol  during  storage  of  dehydrated  foods  and  feeds; 

B.  Provide  information  characterizing  the  biological  activity  of 


LITERATURE 


Evans  and  Bishop  (1922)  reported  the  occurrence  of  a lipid  soluble 

rancid  lard.  Mattlll  et  al.  (1924)  later  confirmed  that  a lipid  soluble 
fraction  Isolated  from  wheat  germ  oil  prevented  rat  fetal  resorption. 

Sure  (1924)  designated  this  fraction  as  vitamin  E,  while  Evans  and  Bishop 

Greek  words  'tocos'  (childbirth),  'phero'  (to  bring  forth),  and  'ol' 
(alcohol)).  Evans  et  al.  (1936)  first  reported  the  isolation  of  pure 
vitamin  E from  the  unsaponiflable  fraction  of  wheat  germ  oil.  Ferholz 
(1938)  and  Karrer  and  Fritzche  (1938)  were  first  to  report 


Vitamin  E — Chemistry 

Vitamin  E denotes  a group  of  eight  tocol  [2-methyl-2-(4'-8',12‘- 
trimethyltrldecyl)-6-chromanol]  derivatives,  methyl-substituted  on  the 
benzene  ring,  which  exhibit  vitamin  E activity  (Karrer  and  Fritzsche, 
1938) . The  structures  of  the  various  forms  of  vitamin  E are  shown  in 


soluble  in  ethanol,  ethyl  ether,  acetc 


s with  melting  points  ranging 


ranging  from 


Figure  1 . Structures 


nm  and  Ejcffl  ranging  from  75.8  to  103  in  ethanol  (Kofler  et  al. , 1972). 
Kofler  et  al.  (1972)  also  summarized  the  infrared  (1R)  spectra,  the 
nuclear  magnetic  resonance  (nmr)  spectra,  and  the  optical  activity  of 
the  eight  forms  of  vitamin  E. 

Vitamin  E — Dietary  Sources 

Vitamin  E is  synthesized  in  plants  with  the  various  tocopherols  and 
tocoenols  formed  through  hydrogenation  of  intermediate  trienol  compounds. 
Green  (1958)  reported  that  a-tocophcrol  is  the  predominant  form  of  vita- 
min E in  growing  plants,  but  other  tocopherols  predominate  in  seeds.  He 

increases  with  time,  which  leads  to  an  Increased  ratio  of  a-tocopherol  to 
other  tocopherols  in  growing  plants.  a-Tocopherol  may  be  produced  by 

Vitamin  E is  not  synthesized  by  animals,  so  their  needs  must  be  ful- 
filled by  dietary  sources.  Many  review  articles  summarize  present  know- 
ledge of  the  vitamin  E content  of  foods  (Bunnell  et  al.,  1965;  Ames,  1972; 
Bauernfelnd,  1977;  and  McLaughlin  and  Ueihraugh,  1979).  The  major  natural 
sources  of  dietary  vitamin  E are  fats  and  oils  and  cereal  grains.  Other 
foods  may  contain  vitamin  E,  but  not  in  sufficient  quantity  to  be  consld- 


Fats  and  oils  freshly  extracted  from  seeds  generally  are  the  richest 
dietary  sources  of  vitamin  E.  The  total  vitamin  E concentration  and  the 
ratio  of  the  various  tocols  present  depends  on;  (1)  the  type  of  fat  or 
oil  (Lange,  1950),  (2)  the  maturity  of  the  seed  (Booth,  1964),  (3)  the 
genetic  variety  (Cabell  and  Ellis,  1942),  (4)  the  length  of  storage  of 


(Ramanujam  and  Anantakrlshnan,  1958), 


n (Gutflnger  and  Letan,  1974). 

Cereal  grains  are  an  important  dietary  source  of  vitam: 
et  al.  (1970)  reported  the  vitamin  E distribution  In  corn  at 
germ  (70-861) , endosperm  (11-27%),  and  pericarp  (2-3%).  Thi 
cate  that  whole  grain  products  would  contain  more  vitamin  E 
produced  from  the  separated  endosperm.  Bleaching  of  flour  1 
chlorine  dioxide  or  by  aging  may  cause  destruction  of  as  mut 
the  naturally  occurring  vitamin  E in  flours  (Fraser  and  Lint 


Vitamin  E — Biological  Functions 

Evans  and  Bishop  (1922)  reported  that  a lipid  soluble  nutritional 
factor  was  required  to  prevent  fetal  resorption  In  rats.  This  has  caused 
researchers  to  study  the  nutritional  action  of  vitamin  E.  Green  and  Bun- 


blochemlcal  activities  and  classified  them  Into  two  concepts:  (A)  Vita- 

min E Is  a biological  antioxidant,  and  (B)  The  metabolic  role  of  vitamin 
E.  The  following  Is  a brief  summary  of  these  two  concepts. 

Although  Olcott  and  Emerson  (1937)  reported  that  vitamin  E exhibited 
antioxidant  activity  during  the  storage  of  oils,  the  biological  antioxi- 
dant theory  of  vitamin  E was  first  proposed  by  Davies  and  Moore  (1941). 

The  latter  authors  suggested  that  a-tocopherol  acted  as  an  In  vivo  anti- 
oxidant for  unsaturated  lipids  In  cell  membranes  and  was  required  to 
maintain  cell  integrity.  MattUl  (1927)  was  the  first  to  demonstrate  the 
relationship  between  dietary  lipids  and  vitamin  E requirements.  He  showed 


sterility 


rats  Increased.  Recently, 


et  al.  (1978)  reported  that  during  vitamin  E deficiency,  rats  respire 
Increased  amounts  of  pentane,  a product  of  In  vivo  lipid  oxidation.  This 
demonstrates  a direct  relationship  between  In  vivo  lipid  peroxidation  and 
vitamin  E deficiency.  Although  the  actual  antioxidant  mechanism  Involving 
n-tocopherol  is  not  known,  it  Is  generally  accepted  that  o-tocopherol  Is 
required  to  prevent  tissue  membrane  destruction. 

The  second  basic  theory  concerns  a defined  metabolic  role  for  vitamin 
E.  Caasl  et  al.  (1972)  reported  that  the  bone  marrow  enzyme,  6 -aminolev- 
ulinic acid  synthetase,  and  the  liver  enzyme,  i -aminolevulinic  acid  dehy- 
dratase, both  exhibited  decreased  activity  In  vitamin  E deficient  rats. 
Diplock  (1974)  reported  that  even  though  6 -aminolevulinic  acid  synthetase 
and  dehydrase  activities  were  reduced  In  vitamin  E deficiencies,  no  over- 
all reduction  of  heme  synthesis  was  noted.  London  et  al.  (1972)  reported 
that  the  activity  of  the  P-450-dependent  microsomal  nitroreductase  enzyme 
in  the  rat  was  dependent  on  the  vitamin  E status.  Catignanl  et  al.  (1974) 
reported  that  rabbit  liver  xanthine  oxidase  concentration  increased  as  a 
function  of  vitamin  E depletion.  The  results  of  the  above  cited  studies 
suggest  that  vitamin  E status  affects  the  activity  of  many  mammalian 
enzymes.  However,  studies  have  not  confirmed  vitamin  E to  be  a metabolic 

Vitamin  E — Dietary  Requirements 

Nutritional  deficiency  diseases  associated  with  low  vitamin  E intake 
In  humans  are  not  well  defined  (Binder  and  Spiro,  1967).  Human  deficiency 
symptoms  developed  only  after  long  periods  of  impaired  fat  absorption 
which  Induced  deficiencies  of  other  fat  soluble  vitamins  ai 
fatty  acids.  The  National  Academy  of  Sciences'  Food 
(1980)  reported  that  there  is  no  clinical  or  biochemical  evidence 


inadequate  quantity 


consuming  a balanced 


The  vitamin  E content  of  diets  consumed  in  the  United  States  was 
reported  by  Bunncl  et  al.  (1965)  and  Bieri  and  Evarts  (1973).  Bunnell  et 
al.  reported  an  average  daily  intake  of  7.4  mg  o-tocopherol  while  Bieri 

9.0  mg  a-tocopherol  per  day.  As  a result  of  these  studies,  the  1980 
Recommended  Dietary  Allowance  for  vitamin  E was  established  at  10  IU  for 


Vitamin  E — Units  and  Activity 

One  International  Unit  (10)  of  vitamin  E is  defined  as  the  activity 
exhibited  by  1 mg  of  dl-o-tocopheryl  acetate.  The  activity  of  synthetic 
dl-a-tocopherol  is  1.1  lU/mg,  while  that  of  the  naturally  occurring  d-o- 
tocopherol  is  1.49  lU/mg.  Other  forms  of  vitamin  E are  reported  to  have 

the  biopotencies  of  tocols  in  relation  to  the  blopotency  of  n-tocapherol 
as:  S-tocopherol  (0.37),  y-tocopherol  (0.07),  and  6-tocopherol  (0.22). 

Bunyan  et  al.  (1961)  reported  that  the  tocotrlenols  all  have  less  than 
10X  of  the  activity  of  o-tocopherol.  The  National  Academy  of  Sciences 


o-tocopherol,  and  all  recommendations  are  based  on  this  estimate. 


Vitamin  E — Methods  of  Determination 
Many  chemical  methods  have  been  used  to  determine  the  vitamin  E con- 
tent of  foods.  There  are  eight  forms  of  vitamin  E and  methods  must  be 
developed  that  quantitate  all  eight  forms,  either  individually  or  collec- 
tively. Presently,  only  a few  methods  are  available  that  are  sufficiently 


concentration  of 


specific  form  of  vitamin  E In  foods.  Major  emphasis  has  been  placed  on 
the  development  of  an  analytical  procedure  for  the  determination  of 
a-tocopherol.  the  most  potent  and  widely  occurring  form  of  vitamin  E. 

plexing  tocols  or  tocol-reduced  FeCl.  with  8 ,6 '-dipyrldyl , 1,10- 
phenanthroline,  2,2',2"-terpyridine,  tripyrldyltriazlne,  or  diphenyl 
(batho-)  phenanthrollne  (Tsen,  1961).  These  colorimetric  procedures  are 
neither  specific  or  sufficiently  accurate  to  use  in  analysis  of  naturally 
occurring  tocols.  Shaikh  et  al.  (1977)  ‘listed  the  following  analytical 

methods: 

A.  Since  the  eight  tocols  have  different  structures,  each  tocol 

determination  of  Individual  forms  of  tocols  in  a mixture  cannot  be 

B.  The  eight  tocols  have  various  reducing  potentials  and  reduce 
FeCl^  at  various  rates,  requiring  the  analyst  to  carefully  control  the 
time  Intervals  between  mixing  and  colorimetric  determination  to  prevent 
Inaccurate  estimates  of  the  tocols  In  foods. 

nation  of  vitamin  E. 

Chromatography  has  been  used  to  separate  various  vitamin  E compounds 
prior  to  colorimetric  analysis.  Separation  of  the  eight  tocols  by  2- 
dimensional  thin  layer  chromatography  has  been  reported.  Kofler  et  al. 


separation  of  the  tocols.  The  separated  tocols  may  be  visualized  by 
spraying  with  O-dianisldlne  or  6 ,S '-dipyridyl-ferric  chloride  (Touchstone 
and  Dobbins,  1978).  The  separated  tocols  may  be  quantitated  by  scraping 
the  spots  from  the  TLC  plate,  mixing  with  bipyridyl-ferric  chloride 
reagents,  and  measuring  the  absorbance  of  the  colorimetric  complex  (Waters 


quantitation  of  the  tocols  commonly  found  in  foods.  Wilson  et  al.  (1962) 
reported  separation  of  eight  tocol  esters  on  a 50.4  cm  (4  mm  l.d.)  column 
packed  with  42  SE-30  on  silicone-treated  cellte  at  250°C.  Rao  and  Perkins 
(1972)  utilised  similar  GLC  packings  to  separate  the  trimethylsilyl  ether 
derivatives  of  the  unsaponiflable  frsctlon  of  foods.  These  separated 
fractions  were  analysed  by  mass  spectrometry  to  confirm  the  purity  of  the 
eluting  trimethylsilyl  ether  derivatives  of  the  eight  forms  of  vitamin  E. 
These  GLC  procedures  required  derlvatisation  of  the  tocols  to  increase  the 

sample  preparation  to  remove  interfering  sterols,  triglycerides,  and  long 
chain  fatty  acids,  and  lengthy  analysis  time  to  elute  all  eight  isomers 
from  the  GLC  column  (Wilson  et  al. , 1962  and  Abe  et  al. , 1975) . The 
extensive  sample  preparation  may  result  in  the  loss  of  vitamin  E during 
analysis  and  the  long  analysis  time  limits  the  number  of  samples  which 

Williams  et  al.  (1972)  reported  the  use  of  reverse  phase  high  per- 
formance liquid  chromatography  (HPLC)  for  separation  and  quantitation  of 
a-tocopherol  and  a-tocopheryl  acetate  in  a standard  mixture  of  fat  solu- 
ble vitamins.  Van  Wlekerk  (1973)  and  Abe  et  al.  (1975)  determined  the 


free  tocopherols  in  vegetable  oils  utilising  HPLC.  Both  researchers  used 
normal  phase  adsorption  chromatography  to  separate  the  four  tocopherols 
in  less  than  30  minutes  per  sample.  Sample  preparation  involved  dissolv- 
ing the  oil  directly  into  a hexane  injection  solution,  or  saponification 
and  Injection  of  the  non-saponlflable  fraction  of  oils. 

Cavlns  and  Inglett  (1974)  utilised  normal  phase  adsorption  HPLC  to 
separate  and  quantitate  all  eight  tocols.  Separation  of  the  eight  tocols 
using  this  lsocratic  method  required  105  minutes. 

HPLC  analysis  of  o-tocopheryl  acetate,  the  form  of  vitamin  E nor- 
mally used  to  fortify  foods,  has  been  reported.  Shaikh  et  al.  (1977)  and 
Soderhjelm  and  Andersson  (1978)  reported  a reverse  phase  partition  chrom- 
atography procedure  for  the  analysis  of  a-tocopheryl  acetate  in  feeds. 
Shaikh  et  al.  (1977)  used  a direct  methanol  extraction  method  to  extract 
the  a-tocopheryl  acetate  from  the  feeds,  while  Soderhjelm  and  Andersson 
chromatographed  the  a-tocopherol  in  the  non-saponifled  lipid  fraction  of 


Wldlcus  and  Kirk  (1979)  reported  an  HPLC  procedure  using  a normal 
phase  adsorption  u-Porasll  (Waters  Assoc.)  column  and  an  85+15  hexane: 
chloroform  mobile  phase  for  the  separation  and  quantitation  of  retlnyl 
pa Imitate  and  a-tocopheryl  acetate  directly  extracted  from  ready-to-eat 
breakfast  cereals  with  chloroform-ethanol-water  (20:20:10).  Natural 
occurring  a-tocopherol  was  detectable  using  this  method. 

Vitamin  E — Biological  Activity 

Many  procedures  have  been  developed  to  determine  the  biological 
activity  of  vitamin  E,  as  reviewed  by  Century  and  Horwitt  (1965) . The 
classical  method  for  evaluating  vitamin  E biological  activity  is  the  rat 
resorption-gestation  assay.  In  this  procedure,  female  rats  are  placed  o: 


shortly  before  gestation.  The  female  rats  are  killed  ji 
delivery  and  the  litter  efficiency  is  determined. 

The  dlalurlc  acid  hemolysis  test  measures  the  lysis  r 
erythrocytes  when  exposed  to  a 0.001H  dlalurlc  acid  mixture.  Erythro- 
cytes from  vitamin  E deficient  animals  are  more  susceptible  to  degrada- 
tion by  dlalurlc  acid  than  are  erythrocytes  from  non-deficient  animals. 
Vitamin  E deficient  rots  are  fed  a test  diet  and  the  release  of  hemo- 
globin from  erythrocytes  exposed  to  dlalurlc  acid  may  be  used  to  Indicate 
vitamin  E activity. 

Pudelkiewlcz  and  Matterson  (1960)  reported  that  the  bloavailablllty 
of  vitamin  E may  be  determined  by  analyzing  the  vitamin  E content  In  the 

large  concentrations  of  vitamin  E In  the  diet  and  lengthy  chemical  analy- 
sis of  liver  vitamin  E. 

Kabay  and  Gilbert  (1977)  reported  a rotifer-based  assay  for  vitamin 
E activity.  Newborn  rotifers  (Asplanchna  sleboldl)  are  placed  onto  Petri 

activity  such  that  larger  doses  of  vitamin  E cause  more  numerous  out- 
growths from  the  rotifer's  wall.  Statistical  analysis  of  the  classifica- 
tion of  the  rotifer  morphology  as  a functon  of  vitamin.  E activity  allows 
calculation  of  vitamin  E activity  of  unknown  solutions.  This  procedure 
is  extremely  sensitive  (10  d-o-tocopherol) , consistent,  and  lndepen- 


evaluate  the  digestibility  o 
animal  bioassays. 


et  al.  (1978)  reported  a vitamin  E rat  bloaesay  that  Involves 

e aminotransferase  (AspAT)  activity.  Weanling  rats  are  fed  vita- 
min E deficient  diets  for  approximately  8 weeks.  Plasma  vitamin  E levels 
are  reduced  to  very  low  levels  and  accelerated  muscle  tissue  breakdown 
causes  Increased  plasma  pyruvate  kinase  and  GOT  activity.  Diets  contain- 
ing test  vitamin  E are  then  fed  to  the  depleted  rats  for  4 days,  which 

in  plasma  pyruvate  kinase  and  AspAT  activity. 

The  determination  of  the  biological  activity  of  a-tocopherol  follow- 
ing storage  or  degradation  of  a-tocopherol  quantitates  the  actual  loss  of 
the  vitamin  E nutritional  quality  of  the  foods.  Therefore,  bloassays 
provide  an  estimate  of  the  vitamin  E activity  which  is  more  accurate  than 
chemical  analysis  procedures.  Bloassays  are  generally  more  expensive, 
time  consuming,  difficult,  and  yield  less  precise  results  than  chemical 
analysis. 

The  majority  of  research  concerning  vitamin  E degradation  has 
involved  research  concerning  the  reactions  of  Q-tocopherols.  This  was 

difficulty  of  determining  the  mechanism  of  degradation  reactions  during 
degradation  of  the  various  tocols. 

Many  oxidation  products  of  a-tocopherol  have  been  isolated  and 

which  report  production  of  six  oxidation  products. 


Alpha-tocopherol  participates  in  many  reactions  which  occur  during 
food  processing  or  storage.  Frazer  et  al.  (1956)  and  Moore  et  al.  (1957) 
reported  the  destruction  of  vitamin  E by  chlorine  dioxide,  commonly  used 

talned  0.35  mg  n-tocopherol/100  g flour  while  chlorine  dioxide-treated 

mg  o-tocopherol/100  g flour.  They  also  reported  that 
d supply  rats  adequate  amounts  of  dietary  vitamin  E, 

The  mechanism  of  a-tocopherol  degradation  by  chlorine  dioxide  has  not 
studied  extensively. 


Oxygen  is  known  to  have  an  effect  on  a-tocopherol  degradation.  Fah- 
renholtz  et  al.  (1974),  Foote  et  al.  (1974),  and  Stevens  et  al.  (1974) 
reported  that  a-tocopherol  quenched  singlet  oxygen  produced  by  photooxl- 
datlon  of  rubene  or  methylene  blue.  Singlet  oxygen  is  an  excited  oxygen 
molecule  in  which  the  electrons  in  the  outermost  shell  are  in  antiparallel 
alignment.  Fahrenholtz  et  al.  (1974)  reported  that  one  mole  of  a-tocoph- 
erol deactivated  about  120  moles  of  singlet  oxygen  before  the  a-tocopherol 
was  destroyed,  indicating  that  a-tocopherol  may  be  physically  reacting 


erol.  Cort  et  al.  (1978)  reported  the  oxidation  of  a-tocopherol  by  fer- 
ric and  cupric  ions.  The  resulting  degradation  product  was  predominantly 
a-tocopheryl  qulnone.  The  presence  of  ferrous  or  cuprous  metal  ions  were 


tocopherol 


Urano  and  Matsuo  (1976)  reported 


the  radical  scavenging  reaction  of 

Knapp  and  Tappel  (1961)  reported  the  destruction  of  n-tocopherol 

when  oxygen  was  present  In  solution  during  irradiation.  Although  no 
characteristics  of  the  a-tocopherol  degradation  products  were  reported, 
one  would  expect  a-tocopherol  to  be  degraded  by  a free  radical  mechanism. 

Free  radicals,  produced  during  oxidation  of  unsaturated  lipids,  react 
with  a-tocopherol  and  cause  oxidation  of  a-tocopherol.  Gruger  and  Tappel 
(1970,  a and  b)  examined  the  degradation  of  a-tocopherol  in  ethanol  solu- 


The  two  peroxides  (ROO*  and  RO* ) reacted  with  a-tocopherol  to  form  the 
intermediate,  a-tocopheryl  oxide,  which  degraded  to  a-tocopheryl  quinone. 
It  should  be  noted  that  a-tocopherol  was  degraded  slowly  when  only  a- 
tocopherol  and  ferric  ion  were  combined  in  solution,  but  the  degradation 
rate  of  a -tocopherol  was  accelerated  when  lipid  hydroperoxides  were  pre- 
sent. These  data  indicate  two  simultaneous  reactions  may  have  been 
occurring. 


Numerous  studies  Indicate  that  a-tocopherol  may  be  degraded  during 
the  storage  of  foods  through  a combination  of  several  reactions  occurring 
simultaneously.  It  is  essential  to  define  the  components  in  foods  before 

Several  researchers  have  reported  the  loss  of  a-tocopherol  during 
storage  of  flours  and  whole  grains.  Bothe  et  al.  (1958)  reported  that 

days  of  storage  at  37®C.  Kodlcek  et  al.  (1959)  reported  361  of  the  a- 
tocopherol  present  In  whole  kernel  corn  was  destroyed  after  84  days  of 
storage  at  room  temperature.  More  recently.  Young  et  al.  (1975)  reported 
that  the  rate  of  a-tocopherol  oxidation  was  more  rapid  during  storage  of 
high  moisture  corn  than  during  storage  of  dry  com.  These  authors  also 
reported  that  the  peroxide  value,  an  indicator  of  lipid  oxidation, 
increased  with  the  moisture  content  of  the  com.  These  data  indicate  that 
the  moisture  content  and  state  of  lipid  oxidation  may  affect  the  rate  of 
a-tocopherol  degradation  during  storage  of  com. 

Livingston  et  al.  (1968)  and  Bruhn  and  Oliver  (1978)  reported  the 
stability  of  a-tocopherol  during  storage  of  alfalfa  and  alfalfa  meal. 
Livingston  et  al.  (1968)  reported  losses  of  23.  4,  and  282  of  the  initial 
a-tocopherol  in  freeze-dried  alfalfa  meal  at  a moisture  content  of  8.4, 
5.4,  and  3.32,  respectively,  after  storage  for  84  days  at  32“C.  Bruhn 

s degraded  in  126  days.  These  authors 


I)  stored  alfalfa  ii 


leaching  by 


(1969)  reported 


thet  the  rate  of  a-tocopherol  degradation 


in  seaweed  and  seaweed  a 

leal  was  greater  at  25Z  moisture,  when  compared 

to  samples  stored  at  10 

or  151  moisture.  In  addition,  a-tocopherol  in 

samples  stored  at  6,  10, 

15,  or  25#C  degraded  more  rapidly  at  the  higher 

oxidation  or  the  metal  ion  concentration  in  the  seaweed  meal. 

Kanner  et  al.  (1979)  reported  the  storage  stability  of  a-tocopherol 


in  fresh  and  dehydrated 

pepper  fruits.  Powdered  paprika  was  stored  at 

water  activities  (aH)  of 

0.01  or  0.75  at  37*0.  More  than  90Z  of  the  o- 

tocopherol  present  in  th 

e paprika  was  retained  during  120  days  of  storage 

a . Degradation  of  a-tocopherol  was  much  more  rapid  when  paprika 


was  stored  at  a aH  of  0. 

01.  The  authors  attributed  the  reduction  in  a- 

tocopherol  degradation  a 

t aw  of  0.75  to  the  solubilization  of  ascorbic 

acid,  vhlch  exhibited  an 

antloxldatlve  effect. 

Factors  Affecting  q-Tocopherol  Stability  in  Foods 
From  studies  concerning  the  mechanism  of  a-tocopherol  destruction 
-tocopherol  loss  in  foods,  data  indicate  that  the  stability  of  a- 


tocopherol  in  foods  is  a 

function  of  the  type  of  lipid  present,  the  mois- 
torage  temperature.  Because  of  their  primary 

effect  on  the  stability 

of  a-tocopherol,  further  discussion  of  lipid  oxi- 

dation  and  moisture  cont 

ent  is  warranted. 

autoxidation  of  unsatura 

t is  known  that  a-tocopherol  is  destroyed  during 
ted  lipids.  Therefore,  it  would  be  expected  that 

the  storage  stability  of  a-tocopherol  is  dependent  on  the  rate  of  lipid 


(1976).  Lipid  oxidation  occurs  In  three  stages:  (1)  the  Induction 

phase,  (2)  the  propagation  phase,  and  (3)  the  termination  phase.  The 
Induction  phase  reactions  Include  direct  addition  of  oxygen  to  a double 
bond  to  form  a peroxy  and  a hydrocarbon  radical,  as  well  as  direct  forma- 
tion of  hydroperoxides  by  reaction  with  singlet  oxygen.  The  radicals 
formed  during  the  Induction  period  react  with  other  unsaturated  molecules 
and  oxygen  to  form  additional  peroxy  radicals  which  causes  autoxidatlon 
of  oxidizable  substrates.  The  termination  phase  occurs  when  two  radicals 


Moisture  content — water  activity.  Foods  contain  various  amounts  of 
water.  Labuza  (1976)  provided  the  following  formula  for  determining  the 


constant,  T Is  the  temperature  (absolute),  and  a (water  activity)  la  the 
thermodynamic  activity  of  water,  defined  as: 

where  P is  the  partial  pressure  of  water  In  food,  Po  Is  the  partial  pres- 
sure of  pure  water,  and  2 ERH  is  the  equilibrium  relative  humidity. 

A sorption  Isotherm  for  a food  may  be  obtained  by  plotting  the  a of 
a product  as  a function  of  the  moisture  content  at  a constant  temperature 


Aw 


exhibiting 


on  whether  the  sorption  Isotherm  was  determined  by  moisture  removal 
formation  of  water  which  occurs  In  dehydrated  foods  (Labusa,  1968). 

bound  and  thus  not  available  for  reaction.  Rockland  (1969)  reported  that 
the  water  molecules  In  this  region  are  bound  to  hydratable  sites  such  as 
carboxyl  and  amino  groups.  Fennema  (1976)  reported  that  reactions  which 
are  dependent  upon  water  soluble  reactions  do  not  occur  when  the  moisture 
content  is  in  Region  A.  Region  B,  the  multilayer  region,  corresponds  to 
the  adsorption  of  water  molecules  In  multilayers.  This  water  is  theo- 
rised to  be  loosely  bound  by  hydrogen  bonding  to  hydroxyl  and  amide 
groups,  and  is  available  for  reaction  or  solubilisation  of  reactants. 
Region  C Includes  the  region  where  capillary  hydration  and  condensation 
of  water  molecules  occurs,  allowing  water  to  act  as  a solvent.  Physical 
entrapment  and  solubility  of  solutes  cause  the  a to  approach  1,0 
asymptotically. 


Labusa  (1968)  summarised  the  effects  of  aH  on  degradation  reactions 
occurring  In  food  systems  during  storage  as  shown  by  the  stability  pro- 
file of  components  in  dehydrated  foods  (Figure  3). 

Many  theories  attempt  to  relate  a^  to  the  rate  of  degradation  of 
nutrients  during  storage.  The  following  discussion  will  focus  primarily 
on  the  theories  which  may  be  related  to  u-tocopherol  degradation. 


in3xnod  aamsiow 
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As  discussed  previously,  the  rate  of  lipid  oxidation  may  be  accel- 
erated in  the  presence  of  metal  ions  or  oxygen.  Lipids  are  generally 
more  stable  towards  oxidation  at  or  near  the  calculated  B.E.T.  monomolec- 
ular  moisture  content  (Salvln,  1959;  Maloney  et  al.,  1966;  Labuza  et  al. , 


in  Figure  3,  as  the  a is  decreased  from  high  values,  the  rate  of  lipid 
oxidation  decreases  until  the  a approaches  or  drops  below  the  monolayer 
value.  Decreasing  the  a below  the  monolayer  value  causes  an  Increased 
rate  of  lipid  oxidation.  Labuza  (1980  a)  summarizes  the  factors  affecting 


A.  As  a is  changed,  the  hydration  of  metal  catalysts 

B.  The  mobility  and  availability  of  metal  catalysts  at 


catalysts 


he  aqueous  Interface  may  hydrogen 
not  react  with  oxldlzable  substrates, 
nt  may  change  the  rate  of  reaction  of  free 

Halton  and  Fisher  (1937)  and  Kirk  (1978)  suggest  that  the  a may  control 

diffusion  may  inhibit  or 


Kinetic  Evaluation  of  Reactions 

Chemical  kinetics  is  the  branch  of  science  which  studies  the  rates 
and  patterns  of  chemical  reactions.  Laldler  (1963)  presents  an  indepth 
review  of  the  use  of  chemical  kinetics.  A brief  review  of  kinetic  term- 


Four  common  types  of  chemical  reactions  are  evaluated  by  use  of 
either  zero*  first,  pseudo-first,  or  second  order  kinetics.  The  general 
overall  rate  equation  Is: 

Rate  of  reaction  - constant  x [reactant  (s)] 


kinetic  equations  for  simple  reactions. 

Kinetic  data  are  generated  by  collecting  and  analyzing  samples  for 
reactant  or  product  concentration  after  various  storage  or  reaction 

as  a function  of  time.  The  reaction  order  may  be  determined  by  choosing 
the  kinetic  equation  (Table  2)  which  best  fits  the  data,  or  by  use  of 
other  graphical  or  Integration  methods  (Laidler,  1963). 

Kinetic  evaluation  of  the  storage  stability  of  a nutrient  is  useful 
because  It  provides  a model  that  can  be  used  to  describe  the  storage 
stability  of  the  nutrient.  It  also  may  provide  information  concerning 
the  reaction  mechanism  Involved  In  the  degradation  of  the  nutrient.  How- 
ever, postulations  concerning  chemical  structure  of  the  reactant  species 
or  the  transition  state  cannot  be  made  from  simple  kinetic  evaluation  of 


The  Arrhenius  equation  ri 


ates  the  rate  of  reaction  a 
! following  equation: 


where  k Is  the  rate  constant,  A is  an  Arrhenius  pre-exponent lal  constac 
cal  K lmol  l),  and  T Is  the  temperature  (K).  Transition  state  theory 


Integrated  kinetic  equations 


Pseudo-first 


ie  reaction  is  < 


t of  energy  required  to  form  the  active 
If  variations  In  storage  parameters  c 
energy  required  to  form  the  activated 
Btant.  This  would  suggest  that 


complex  Is  not  affected  by  variations  of  storage  parameters. 

Other  thermodynamic  activation  parameters  which  can  be  calculated 
from  kinetic  data  include  AC^  (Gibbs  free  energy  of  activation),  AH^ 
(enthalpy  of  activation),  and  A 5^  (entropy  of  activation).  Eyrlng 
(1935)  reported  the  absolute  reaction  rate  theory  as: 
k . I^T  eAS*  e-AH*/RT 


can  be  calculated  from: 

AGt  - AH*  - TAS* 


EXPERIMENTAL  PROCEDURES 


Composition  of  the  Model  Food  System 
The  composition  of  the  model  food  system  used  in  these  studies  was 
similar  to  that  used  by  Bach  (1974)  and  is  reported  in  Table  3.  The  non- 


10  added  lipids,  while  the  model  systems  used 
to  determine  the  effects  of  saturated  or  unsaturated  fat  on  the  stability 
of  a-tocopherol  contained  IX  hydrogenated  coconut  fat  or  IX  purified 
methyl  linoleate  (Privett  and  Blank,  1962),  respectively.  The  model 


a-tocopherol 


The  dry 


per  ounce  of  dry  model  system  (approximately  125  or  250  pg 


mixer  and  stored  at  10°C  prior  to  fortification  with  lipids  or  a-tocoph- 
erol. Portions  of  the  dry  blend  were  slurried  into  60°C  deionized  water 

fication  was  accomplished  by  adding  the  a-tocopherol  as  an  ethanol  solu- 
tion to  the  model  system  slurry.  In  the  experiments  utilizing  the  model 
system  containing  fats,  a-tocopherol  was  mixed  with  the  melted  fats 
(60*C)  before  addition  to  the  slurry.  The  model  system  slurries  were 
homogenized  to  evenly  disperse  the  lipid  soluble  components.  These 
homogenized  slurries  were  layered  onto  stainless  steel  trays  and  frozen 
at  -40*C  in  a freeze  dryer  for  6-8  hours.  The  model  systems  containing 


Powdered  Starch3 
Corn  Syrup  Solids 
Soy  Protein  Isolate 


.Promise  D.  Central  Soya  C. 

“Hydrogenated  Cocoanut  Oil,  Durkee  Co.  or  Purified  Methyl  Linoleate, 
Sigma  Chemical  Co. 


temperature  of  43°C.  The  model  system  containing  purified  methyl  lino- 
leate  was  freeze  dried  48  hours  at  a platen  temperature  of  25°C.  The 
freeze  dried  samples  were  removed  from  the  freeze  dryer  under  a nitrogen 

phere(  and  equilibrated  to  various  w 


Au  Equilibration 

of  the  sorption  hysteresis  loop.  The  dry  model  food  system  containing 
no  fat  was  equilibrated  to  water  activities  of  0.10,  0.24,  0.40  or  0.6S 

as  previously  reported  by  Bach  (1974).  Moisture  equilibration  in  the 


lipids  were  equilibrated  to  water  activities  of  0.11,  0.23,  0.42  and 
0.67  at  20,  30  and  37°C  by  placing  the  powdered  model  system  into  deslc- 

desired  relative  humidity  (Rockland,  I960).  The  desiccators  were  evacu- 
ated (685  mm  Hg  vacuum)  and  stored  at  the  appropriate  temperature  for  24 
hours,  prior  to  releasing  the  vacuum  by  drawing  air  through  an  appropriate 
saturated  salt  solution.  The  a of  the  equilibrated  model  systems  was 
confirmed  by  vapor  pressure  manometry,  as  described  by  Lewickl  et  al. 
(1978). 


Packaging  and  Storage  of  Equilibrated  Model  Svtems 
To  prevent  shifts  in  the  moisture  content,  the  equilibrated  model 
food  systems  were  packaged  in  cans  lined  with  c-enamel,  an  oleoreslnous 
coating.  Portions  of  the  model  food 


system  weighing  approximately 


Theoretical  calculations 


space  containers. 


oxygen  content  In  the  TDT  cans  was  estimated  to 
The  equilibrated  samples  were  stored  isotherm- 


s determined 


utilizing  atomic  absorption  spectroscopy.  Approximately  5.00  g of  model 
and  copper  using  a Model  460  Perkin  Elmer  Atomic  Absorbance  spectropho- 


q-Tocopherol  Determination 

Alpha-tocopherol  was  quantitatively  determined  by  a high  perfor- 
mance liquid  chromatographic  (HPLC)  procedure  reported  by  Wldlcus  and 
Kirk  (1979).  Approximately  4 g of  model  system,  accurately  weighed  to 

urated  fats,  0.002  g BHT  was  added  to  inhibit  oxidation  during  the 
extraction  procedure.  After  filtering,  the  solvent  was  evaporated  to 
dryness,  and  the  lipid  extract  was  dissolved  in  an  aliquot  of  the  HPLC 
mobile  phase  (85  + 15  hexane-chloroform).  An  aliquot  of  the  lipid 
extract  was  injected  onto  a HPLC  u-Porasil  (Waters  Assoc.)  column  which 

tored,  and  quantitation  of  the  eluting  peak  was  accomplished  by  peak 


32 

height  measurement.  Extraction  efficiency  was  continually  monitored  by 
adding  known  amounts  of  a-tocopherol  to  the  model  system  during  extrac- 

Methvl  Linoleate  Determination 

Methyl  linoleate  was  determined  by  a gas-liquid  chromatography  (GLC) 
procedure.  Approximately  5 g of  model  system,  accurately  weighed  to  the 
nearest  0.01  g.  was  placed  into  a 50  ml  screw  cap  teat  tube.  Twenty-five 
milliliters  of  a 2:1  chloroform-methanol  solution  containing  0.002  g BHT 
was  added  to  the  tube  before  sealing.  The  tubes  were  placed  horizontally 
in  a shaking  bath  oscillating  at  120  strokes  per  minute  at  room  tempera- 
ture. After  30  minutes  of  extraction,  the  extract  was  filtered  through 
Na2S04  on  MhatInan  *2  filter  paper.  Aliquots  of  the  filtered  extract 
were  analysed  by  gas  chromatography.  The  following  conditions  were 
established  for  the  GLC  analysis  of  the  lipid  extract: 

Gas  chromatograph Tracor  550 


Flame  Ionization 


carrier  gas  (nitrogen) — 40  ml/min. 

hydrogen  — — 40  ml/min. 


Internal  diameter 


Approximately  2 g of  the  model  systems,  accurately  weighed  to  the 

plrometer  flasks.  Following  moisture  equilibration  in  vacuum  desicca- 
tors, the  respirometer  flasks  were  connected  to  a pre-conditioned  con- 
stant pressure  respirometer  (Gilson  Medical  Instruments,  Model  IGP14). 


solution  used  to  equilibrate  the  a of  the  samples. 

o-tocopherol)  were  prepared  and  monitored  with  the  test  samples.  The 
amount  of  oxygen  consumed  or  expired  by  the  blank  samples  was  subtracted 
or  added  to  the  test  samples  to  adjust  for  small  changes  in  the  storage 
temperature.  The  oxygen  uptake  by  the  model  systems  containing  methyl 
linoleate  was  calculated  to  obtain  the  rate  of  0_  taken  up  per  mole  of 
methyl  linoleate  presenc  prior  to  storage. 


Biological  Activity  Determination 
le  biological  activity  of  a-tocopherol  following  storage  was 

(1978).  Model  systems  containing  no  fat,  hydrogenated  coconut  fat  or 
methyl  linoleate  were  stored  until  approximately  752  of  the  initial  a- 
tocopherol  had  degraded.  All  samples  were  stored  at  -30eC  until  needed 


Male  weanling  Sprague-Dawley  rats  were  caged  individually  in  stain- 
less steel  cages  at  24°C  and  fed  a vitamin  E depletion  diet  (Table  4)  for 
48  days.  Each  rat  was  given  food  only  during  the  12  hour  dark  period  of 
each  day.  Following  the  48  day  depletion  periods,  the  rats  were  randomly 


weanling 


Ethyl  Linoleate0 


Alphacel 
Vitamin  Ml! 


(a)  Teklad  Test  Diets,  Inc,,  (b)  vitamin  free  - ICN  Nutritional 
Biochemicals,  (c)  751,  with  0.02!  BHA,  United  States  Biochemical  Corp., 
(d)  salt  mixture  Draper  4164,  United  States  Biochemical  Corp.,  (e)  ICN 
Nutritional  Biochemicals,  (f)  void  of  a-tocopherol,  ICN  Nutritional 
Blochemlcals,  (g)  tocopherol  stripped.  United  States  Biochemical  Corp. 


assigned  to  groups  of  8 or  9 rats  per  group.  Model  food 
ing  no  fat  and  containing  various  levels  of  n-tocopherol 


terns  contain- 
2 prepared 


Blood  was  collected  Into  a heparinized  tube  directly  from  the  cervi- 

stored  at  -10#C  in  sealed  glass  test  tubes  until  assayed  for  plasma  a- 
tocopherol,  plasma  aspartate  aminotransferase  (AspAT)  (E.C.  2.6. 1.1),  or 
pyruvate  kinase  (PK)  (E.C.  2.7.1.40)  activity. 

plasma  and  ethanol  with  1 part  hexane.  Following  centrifugation,  an 
aliquot  of  the  hexane  layer  was  Injected  onto  a u-Porasll  HPLC  column 
using  the  same  procedure  as  described  previously. 

Aspartic  Acid  + a-Ketoglutarlc  — i Oxelacetic  Glutamic 


Oxalacetic  * 


where  MDH  denotes  malate  dehydrogenase,  NADH  denotes  reduced  nit 
: rate  of  NADH  loss  at  25°C  was  monitored  spectrophotometrlcally  at 


utilizing  a Gilford  spectrophotometer  (Gilford  Instrument 


250) . Activity  was  calculated  as  International  Units/liter 


(umol  aspartic  acid  converted  to  oxalacetlc  acid  per  minute  per  liter). 
Boehringer  Mannheim  Co.  (1973).  The  rate  of  NADH  oxidation  was  monitored 
Phosphoenolpyruvate  * ADP  — ^2+^  ■»  Pyruvate  + ATP 


Pyruvate  + NADH  + H*  LPH»  L- Lactate  + NAD+ 

The  loss  of  NADH  at  25'C  was  followed  apectrophotometrlcally  (340  nm)  In 
a Gilford  spectrophotometer  (Gilford  Instrument  Co..  Inc.,  Model  250). 
Activity  was  reported  aa  units/ml  plasma  (umol  phosphoenol  pyruvate  con- 
verted to  pyruvate  per  minute  per  ml  plasma). 

Synthesis  of  a-Tocopherol  Degradation  Products 
Several  oxidation  products  of  a-tocopherol  were  prepared  following 
previously  published  procedures.  a-Tocopheryl  oxide  was  synthesised  by 
reacting  a-tocopherol  with  FeCl-  In  the  presence  of  6 ,B '-bipyridine  as 
described  by  Boyer  (1951).  a-Tocopheryl  quinone  was  prepared  by  acidify- 
ing a-tocopherol  oxide  with  HC1  (Boyer.  1951) . a-Tocopherol  dimer  and 
trlmer  were  synthesized  by  reacting  a-tocopherol  with  K_Fe(CN),  In  NaOH 
(Csallany  and  Draper,  1962).  Ultraviolet  absorption  scans  of  a-tocoph- 
erol oxidation  products  were  run  and  compared  to  published  data  to  ensure 
purity  of  these  compounds.  a-Tocopherol  dimer  was  purified  by  collecting 
only  the  yellow  dimer  peak  eluting  from  a preparative  normal  phase  HPLC 
column.  The  purified  a-tocopheryl  oxide,  a-tocopheryl  quinone,  and  a- 
tocopheryl  dimer  were  Injected  onto  the  analytical  u-Porasil  HPCL  column 
used  for  determination  of  a-tocopherol  and  the  HPLC  characteristics  were 


Analysis 


The  degradation  rates  of  n-tocopherol  and  methyl  llnoleate  were 
calculated  by  fitting  the  data  to  the  kinetic  equations  In  Table  2. 

SAS  computer  programs  (Barr  et  al.,  1979)  utilising  least  squares  linear 
regression  techniques  were  used  to  calculate  the  slope,  the  correlation 
coefficients,  and  the  standard  deviations  of  the  kinetic  equations.  The 
order  of  the  reaction  was  determined  by  choosing  the  equation  which 
resulted  In  the  highest  correlation  coefficient  and  best  graphical  model 


The  storage  stability  of  a-tocopherol  in  a dehydrated  model  food 
system  was  evaluated.  The  model  food  system  was  formulated  with  either 


no  fat,  saturated  fat,  or  unsaturated  lipids.  These  model  systems  were 


equilibrated  to  water  activities  (au)  of  approximately  0.10,  0.24,  0.40 
or  0.65  at  20,  30  and  37°C.  The  volume  of  headspace  air  in  the  storage 
containers  was  varied  by  use  of  two  different  sized  enameled  metal  cans. 
The  stability  of  a-tocopherol  was  evaluated  by  measuring  the  loss  of  a- 
tocopherol  as  a function  of  time.  The  biological  activity  of  a-tocoph- 


a-Tocopherol  Stability:  No  Fat  Model  System 
The  degradation  of  a-tocopherol  in  a model  food  system  containing 
fat  stored  at  various  a^s,  temperatures,  and  oxygen  to  a-tocopherol 
ar  ratios  was  studied.  The  storage  parameters  included:  water 


or  37°C;  and  1450  moles  02  per  mole  a-tocopherol  (303  can)  or  15  moles 
02  per  mole  a-tocopherol(TDT  can).  A nonfat  model  food  system  was  cho- 
sen in  order  to  characterize  the  nonlipid  mediated  degradation  of 
a-tocopherol  in  a simulated  food  system. 

All  of  the  model  food  systems  in  this  study  were  stored  until  a 

except  for  the  samples  where  the  half-life  of  a-tocopherol  was  greater 
than  150  days.  In  these  cases,  model  systems  were  stored  until  75*  of 
the  Initial  a-tocopherol  content  had  degraded.  In  most  cases,  this  was 


equivalent  to  the  loss  of  a-tocopherol  through  three  half-lives  which 
permitted  valid  kinetic  modeling  of  the  loss  of  a-tocopherol. 

Integrated  first  order  kinetic  model  (Table  2).  First  order  degradation 
plots  describing  a-tocopherol  loss  during  storage  of  the  model  system  at 
37®C  in  303  cans  at  various  a are  shown  in  Figure  4.  Alpha-tocopherol 

equation  using  linear  regression  analysis.  The  slopes  of  the  regression 
equations  (the  first  order  rste  constants)  are  shown  in  Table  S.  All  of 
the  calculated  rate  constants  were  significantly  greater  than  0 (p< 
0.0014),  had  correlation  coefficients  (|R|)>0.90,  and  had  standard  devia- 
tions less  thsn  102  of  the  reported  rj 
tocopherol  loss  were  calculated  from: 


where  t^  denotes  the  half-life  (days)  and  k denotes  the  first  order  rate 
constant  (day-1). 


degradation  were  affected  by  the  a , the  storage  temperature,  and  the 
oxygen  content  in  the  containers.  Quadratic  prediction  equations  for 

5.  The  prediction  equations  Indicate  that  the  rate  of  a-tocopherol  loss 
was  lowest  at  low  aw  and  Increased  as  the  a was  increased.  The  rate  of 
a-tocopherol  loss  Increased  with  increasing  storage  temperature.  Accord- 
ing to  the  prediction  equations  of  the  first  order  rate  constants,  an 


:en  the  atf  and  storage  temperatures  w, 
:he  magnitude  of  the  effect  of  increasing  the  a i 
storage  temperature. 


t present,  lndlcat- 


4.  First  order  plot  of  a^tocopherol  degradation  in  a 
water  activities. 


Table  S.  First  order  rate  constants,  half-lives,  and  prediction  equa- 
system  containing  no  fat  at  various  water  activities,  storage 


The  effect  of  stotage  temperature  on  the  degradation  rate  of  o- 

Arrhenius  equation  (Table  6).  The  apparent  activation  energies  (Ea)  for 
o-tocopherol  degradation  in  a model  food  system  stored  at  various  a s or 
storage  container  oxygen  contents  ranged  from  8.9  to  13.1  kcal  mol"1 
(Table  6).  No  significant  differences  (p^O.Ol)  between  any  of  the  exper- 

The  thermodynamic  activation  parameters  Ad*1,  ASf,  and  AH*  were  cal- 
culated from  the  first  order  rate  constants  and  the  apparent  activation 
energies  and  are  reported  in.  Table  7.  Neither  the  enthalpy  (Afffy  nor 
entropy  (AS*)  of  activation  were  linearly  dependent  on  the  a of  the 
sample  or  the  oxygen  content  in  the  storage  container.  Gibbs  free 
energy  of  activation  (AG^)  ranged  from  27.1  to  27.4  through  the  a range 

of  aw  (Table  7)  indicate  that  A Cl  is  affected  by  aw. 

The  volume  of  headspace  present  in  the  storage  containers  affected 
the  stability  of  a-tocopherol  in  the  model  food  system.  The  observed 
rate  constants  of  o-tocopherol  degradation  were  generally  greater  when 
the  molar  ratio  of  oxygen  to  a-tocopherol  in  the  container  was  1450:1 
(303  can)  rather  than  15:1  (TDT  can).  The  rate  constants  of  a-tocopherol 
degradation  in  the  model  food  system  in  303  cans  were  significantly 


(piO.Ol),  0.42  (p<0.05) , or  0.24  (p<0.05)  (Figure  5).  Differences 
between  the  rate  constants  of  a-tocopherol  degradation  in  303  cans  or 
TDT  cans  were  not  as  pronounced  at  30  or  20“C,  indicating  a temperature- 
Sw-storage  container  interaction.  A paired  comparison  t-test  showed 
a or  temperature,  were 


Table  6.  Apparent  activation  energies  for  a-tocopherol  destruction  in  a 
dehydrated  model  food  system  containing  no  fat  stored  at  vari- 
ous water  activities  and  storage  container  oxygen  contents. 


Apparent  Activation  Energy 


*1450:1  Calculated  molar  ratio  of  oxygen :a -tocopherol 


Table  7.  Thermodynamic  activation  parameters  and  prediction  equations 

for  1-tocopherol  degradation  in  a dehydrated  model  food  system 


storage  contain 

r oxygen  contents. 

«B 

4S*  4G* 

0.65 

10.8 

-54.6  27.1 

Z 2 

::: 

... 

TDT_Can_ 

0.24 

12.5 

-50.0  27.4 

Prediction  equations  (and 

standard  error  of  coefficient  estimates) : 

:I03 

27.38  - 0.509  «H 

R>  - 0.85 

(0.026)  (0.168? 

1.92  a 2 R*  - 0.99 

(0.216? 

27  48  - 0 57  a 

(0.143)  (0.917? 

(1.16)" 

bM50:l  Calculated  molar  ratio  of  oxy gen  :a- tocopherol 
15:1  Calculated  molar  ratio  of  oxygen:u-tocopherol 


I -top  J-OIX) 


constants  for  degradation  of  a-eocopherol  in 
tem  containing  no  fat  stored  at  37°C  as  a 
r activity  at  oxygen  to  o-tocopherol  molar 
(Excess  Oj)  or  15:1  (Minimal  0-)* 


e model  system  wi 


lipids  extracted  from 
m in  Figures  6 and  7. 


significantly  greater  (p<  0.05) 

High  performance  liquid  chromatograms  of 
the  model  system  before  and  after  storage  are 
Recovery  studies,  which  involved  quantitation 
ing  the  extraction,  indicated  that  the  extraction  of  a-tocopherol  was 

peaks  were  detected  following  storage  of  the  a-tocopherol  fortified 
model  system  which  contained  no  fat.  The  peak  labelled  TO  had  a reten- 
tion time  characteristic  of  a-tocopherol  oxide,  while  the  peak  labelled 
TQ  had  a retention  time  characteristic  of  a-tocopheryl  qulnone.  The 
absorbance  ratios  of  the  peaks  believed  to  be  a-tocopheryl  oxide  and  a- 

a-tocopheryl  qulnone  were  determined  to  have  absorbance  maxlmums  at  260 
and  266  nm,  respectively.  The  relative  increased  absorbance  of  the 
peaks  labelled  TO  and  TQ  at  256  nm  support  the  tentative  identification 
of  these  compounds  as  a-tocopheryl  oxide  and  a-tocopheryl  qulnone.  Fur- 

a-Tocopherol  Stability:  Saturated  Fat  Model  System 

ing  saturated  lipids  was  studied.  Model  system  containing  1Z  hydrogen- 
ated coconut  oil  was  equilibrated  at  37°C  to  a s of  0.11,  0.23,  0.63, 
and  0.67  and  stored  in  303  cans  which  contained  6.0  mmol  oxygen.  The 

leas  than  25Z  of  the  original  a-tocopherol  remained  (Figure  8) . 


Figure  6.  Typical  HPLC  chromatogram  of  the  extract  from  a model 
system  containing  no  fac  obtained  at  the  initiation  of 


Figure  7.  Typical  HPLC  chromatogram  of  the  extract  from  a model  foot 
approximately  one-half  of  the  Initial  n-tocopherol  content 


8.  First  order  plot  of  a-tocopherol  degradation  in  a dehydrated 
modelQfood  system  containing  hydrogenated  coconut  fat  scored 


The  loss  of  a-tocopherol  was  described  by  first  order  kinetics. 

All  of  the  slopes  were  >0  (Pi.0.0007)  with  correlation  coefficients  (|r|) 
>0.93.  The  first  order  rate  constants  and  half-lives  describing  a- 

quadratlc  function  of  the  a , as  shown  by  the  prediction  equation  in 
Table  8.  The  rate  of  a-tocopherol  degradation  was  not  significantly 
different  (p^O.Ol)  when  the  a was  0.67  or  0.42.  However,  these  degra- 
dation rates  were  significantly  lower  (p<0.05)  when  the  a was  decreased 
to  0.23  or  0.11. 

q-Tocopherol  Stability;  Unsaturated  Fat  Model  System 

model  food  system  containing  an  unsaturated  lipid,  methyl  linoleate. 

The  model  food  system  was  stored  isothermally  at  20,  30  or  37°C  at  a s 
of  0.11,  0.23,  0.43,  or  0.67  in  containers  which  contained  4.8  or  0.05 

HPLC  chromatograms  of  the  lipid  extract  from  the  model  system  con- 

in  Figures  9 and  10.  Data  in  these  figures  show  that  during  storage, 
the  concentration  of  methyl  linoleate  (ML)  and  a-tocopherol  (TOH) 
decreased.  Initially,  a-tocopherol  was  extracted  from  the  model  system 
with  CHCl^,  ethanol,  and  water.  The  percent  recovery  of  a-tocopherol 
added  during  the  extraction  procedure  decreased  from  952  before  storage 
of  the  model  system  to  452  after  storage  of  the  model  system  for  several 
weeks.  BHT  (0.002  g)  was  added  to  each  flask  to  prevent  oxidation  of  a- 
tocopherol  during  extraction.  As  a result  of  this  modification  of  the 
extraction  procedure,  the  recoveries  of  a-tocopherol  added  during  the 
n procedure  remained  1902  throughout  all  storage  studies. 


Table  8.  First  order  rate  constants,  half-lives,  and  prediction  equa- 
tions for  the  degradation  of  a-tocopherol  in  a dehydrated 
model  food  system  containing  saturated  lipids  stored  at  37°C 
in  303  cans  at  various  water  activities. 


Prediction  equation 


coefficient  estimates) : 


8HT 


ML 


TOH 


5 


2.0  4.0  6.0  8.0  10.0  12.0 
RETENTION  TIME  (min.) 


Typical  HPLC  chromatogram  of  the  extract  from  a model  system 
containing  methyl  llnoleate  and  a-tocopherol  prior  to  storage. 
BHT  denotes  butylated  hydroxytoulene  added  during  extraction 
procedure,  ML  denotes  methyl  llnoleate,  and  TOH  denotes  n- 
tocopherol. 
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2.0  4.0  6.0  8.0  10.0  12.0 


RETENTION  TIME  (min.) 


Typical  HPLC  chromatogram  of  Che  extracc  from  a model  food 
system  containing  e-tocopherol  and  methyl  linoleate  obtained 
after  scorage  until  approximately  87.5%  of  the  Initial  e- 

toulene  added  during  extraction,  ML  denotes  methyl  linoleate, 
TQltddCn0Ce8  °_cocopheryl  oxlde-  T0H  denotes  a-cocopherol,  and 


characteristic  of  a-tocopheryl 


(TOX)  and  a-tocopheryl  quinone  (TQ)  appeared  during  storage.  The  two 

Alpha-tocopherol  loss  in  the  model  system  containing  methyl  lino- 
leate  fit  aero  order  reaction  kinetics  (Figure  11)  with  rates  signifi- 
cantly greater  than  0 (p<0.002),  correlation  coefficients  (|R|)>0.88, 
and  standard  deviations  from  4 to  13X  of  the  reported  rate  constants. 

temperatures,  as,  and  storage  container  oxygen  contents  are  shown  in 


As  shown  by  the  plot  of  data  in  Figure  11,  the  a of  the  model  food 
system  appeared  to  affect  the  rate  of  a-tocopherol  degradation.  The 
degradation  rate  of  a-tocopherol  was  the  slowest  at  an  a of  0.23.  As  thi 
aw  was  Increased  or  decreased  from  0.23,  the  rate  of  a-tocopherol  degra- 
dation increased.  The  rate  of  a-tocopherol  degradation  was  greater  at  a 
of  0.43  than  an  a^  of  0.67.  Linear  prediction  equations  for  the  a- 
tocopherol  aero  order  rate  constants  are  reported  in  Tables  9 and  10. 
These  equations  indicate  that  the  aero  order  rate  constants  were  not 
significantly  affected  (p<0.05)  by  a^.  Differences  between  the  rate 


types  and  storage  temperatures  were  on  the  average  significantly  greater 
than  aero  (p<0.01)  Implying  the  rate  loss  was  greatest  at  a of  0.42. 

The  average  difference  in  the  rate  constants  for  the  a levels  of  0.67 
and  0.11  was  not  different  from  aero.  The  rate  constants  at  a of  0.67 
and  0.11  were  significantly  greater,  on  the  average,  than  the  rate  con- 
stants at  aw  of  0.23.  Cubic  predictions  equations  for  the  aero  order 
rate  constants  as  a function  of  aw  and  temperature  were  calculated  and 
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and  prediction  equations  for  o- 
tocopherol  degradation  In  a model  food  system  containing  IX 
methyl  llnoleate  and  250  ug  '-tocopherol  per  g model  system 


Storage  Temperature  (°C) 

37 

30  20 

T0Ib 

3°3C 

TDTb  303C  TDTb  303C 

0.67 

6.04 

4.95 

3.31  3.05  0.98  0.97 

0.42 

6.11 

4.38 

4.22  3.62  2.38  2.00 

0.23 

4.24 

3.58 

3.53  2.12  1.46  0.96 

0.11 

5.34 

3.69 

3.71  2.75  1.37  0.68 

Prediction  equations  (and  standard 

error  of  coefficient  estimates): 

4dt  " "3-22  * 
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(0.723)w 
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♦ 0.0956  T ♦ 
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.Zero  order  rate  constants.  Mg  o -tocopherol  day" 
c Contained  4.8  mmol  gaseous  0^ 


response  at  the  four  points.  The  goc 
determined  by  noticing  the  Increased 
relative  to  fitting  only  the  linear  f 
The  amount  of  headspace  present 


goes  nearly  through  the  average 

value  of  Ra  with  the  cubic  equation 
first-degree  equation. 


model  systems  stored  in  the  TDT  cans  (contained  0.05  mmol  0.)  was  sig- 
nificantly greater  (p^O.Ol)  than  the  rate  of  a-tocopherol  loss  in  the 
model  systems  stored  in  the  303  cans  (contained  4.8  mmol  0,)  when  tested 
with  a paired  comparison  t-test.  Data  In  Figure  12  shows  that  the  a- 

system  stored  with  4.8  m mol  0^.  In  contrast,  the  a-tocopherol  concen- 
tration in  the  model  system  stored  with  0.05  mmol  0.  decreased  to  about 
20  ug/g  and  remained  constant. 


The  rate  of  a-tocopherol  degradation  was  dependent  on  the  initial 
concentration  of  a-tocopherol  (Tables  9 and  10).  The  zero  order  rate 
constants  were  significantly  larger  (p^O.Ol)  when  the  initial  concentra- 
tion of  a-tocopherol  was  Increased  from  125  to  250  pg  a-tocopherol  per  g 
model  system. 


A significant  (p<0.05)  temperature  dependence  of  a-tocopherol 
degradation  in  a model  system  containing  methyl  llnoleate  was  shown  by 
the  prediction  equations  (Tables  9 and  10) . The  temperature  dependence 
was  described  by  the  Arrhenius  equation.  Apparent  Ea's  for  a-tocopherol 
loss  are  shown  in  Table  11.  Water  activity  and  Ea  were  not  linearly 
related  and  no  Ea  could  be  shown  to  be  significantly  different  from  the 
others  at  p<0.05. 


model  food  system  containing 


1Z  methyl  llnoleate  stored 


Water  Activity 


125  tig  o-tocopherol  250  eg  n-tocopherol 

E«_S E££_E 


•Apparent  activation  energies,  kc 
cContained  0.05  mmol  gaseous  0^ 


Methyl  Llnoleate  Stability:  Unaaturated 


The  stability  of  methyl  llnoleate  in  a dehydrated  model  food  system 
containing  125  or  250  ug  a-tocopherol  per  gram  model  system  was  evalu- 
ated. Gas  chromatography  was  used  to  monitor  the  concentration  of  methyl 
llnoleate  during  storage  while  a respirometer  was  used  to  monitor  oxygen 


A typical  chromatogram  obtained  from  the  gas  chromatographic  analy- 
sis of  the  lipid  extract  from  the  model  system  prior  to  storage  is  shown 
in  Figure  13.  The  peak  eluting  at  5.5  minutes  was  characteristic  of 
methyl  llnoleate.  Data  presented  in  Figure  14  show  a similar  chromato- 
gram of  the  lipid  extract  from  a stored  model  system.  The  methyl  lino- 
leate  concentration  decreased  as  storage  time  Increased.  Several  peaks 
appeared  near  the  solvent  front  as  storage  time  increased. 

The  decrease  of  methyl  llnoleate  concentration  as  a function  of 
storage  time  is  depicted  in  Figure  15.  Loss  of  methyl  llnoleate  was 
described  by  zero  order  kinetics  through  the  range  of  storage  parameters 
used  in  this  experiment.  The  zero  order  rate  constants  for  methyl  lino- 
leate  degradation  in  a model  system  at  various  a s.  storage  container 
oxygen  contents,  storage  temperatures,  and  initial  a-tocopherol  concen- 


The  effect  of  a 
represented  by  data  1 
the  slowest  at  a of 


llnoleate  degradation 


, on  the  Storage  stability  of  methyl  llnoleate  is 
,n  Figure  15.  Methyl  llnoleate  appeared  to  degrade 
0.23.  The  rate  of  methyl  llnoleate  oxidation 
as  decreased  to  0.11.  A similar  Increase  in  methyl 

increased  to  0.67.  The  linear  prediction  equations 
te  constants  of  methyl  llnoleate  degradation 


Typical  gas  chromatogram  of  the  lipid  extract  Erom  a model 
food  system  containing  a-tocopherol  and  methyl  linoleate 
prior  to  storage.  BHT  denotes  butylated  hydroxytoulene 
added  during  extraction  and  ML  denotes  methyl  linoleate. 
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Figure  14. 


METHYL  LINOLEATE  CONCENTRATION 
[mg/g] 


(days) 


methyl  Llnoleate  oxidation  In  a dehydrated  model  food  system 
initially  containing  125  Pg  o-tocopherol  per  g model  system 
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(1.19) 

(12.0)"  (0.017) 

9(36.2Y 

8(3?.ty’ 

Ra  ’ °-92 

k303  (o!«3) 

(0.466)”  (0.014 

" (o!m3^ 

' 

lii.S? 

**  - 0.83 

Contained  A. 8 

1 mmol  gaseous  02 

mg  methyl 

1 

! 

1 

d prediction  equations  for 
methyl  linoleete  oxidation  in  a dehydrated  model  food  system 
initially  containing  250  ug  a-tocopherol  per  g model  system 
stored  at  various  water  activities,  storage  temperatures,  and 


Activity  Can  Can  Can 

Can  Can  Can 

"•»  «•»  >■“ 

- *■»  >•«  ,.n 

«■» 

Prediction  equations  (and  standard  error  of 

coefficient  estimates): 

™T  (0.79)  (0.811)w  (0.0246) 

0.78 

(1.39)  (14.1)“  (0.0201)  (42.6y 

9(36.6Y 

303  (0.428)  (0.440)“  (0.0133) 

0.81 

(0.755)  (7.65)“  (0.0105)  5(23.lT 

(i9.8 y 

^Zero  order  rate  constants,  x 10  1 mg  methyl  linoleate  day" 


(Tables  12  and  13)  indicate  that  the  rate  constants  are  not  significantly 
affected  by  a . The  cubic  prediction  equations  with  respect  to  a have 
larger  R2  values  than  do  the  linear  prediction  equations.  Paired  differ- 
ence t-tests  of  the  rate  constants  (independent  of  temperature,  storage 
container  oxygen  content,  or  initial  a-tocopherol  concentration)  showed 

greater  than  the  average  value  of  the  rate  constant  at  a 0.67  (p<0.01), 
a 0.23  (p<0. 01) , and  0.11  (p<0.05).  Similarly,  the  average  values  of 
the  rate  constants  at  atf  0.67  and  0.11  were  not  significantly  different 
(p<0.0l) . but  each  was  significantly  greater  (p<0. 01)  than  the  average 
from  a^  0.23. 

Methyl  llnoleate  destruction  was  affected  by  the  content  of  oxygen 
in  the  storage  container.  The  rate  of  methyl  llnoleate  oxidation  was 
significantly  greater  (p<0.01)  when  the  model  system  was  stored  with 
0.05  mmole  0^  rather  than  with  4.8  mmol  Og.  No  deviation  from  the  zero 
order  degradation  pattern  was  observed  indicating  that  the  oxygen  con- 
tent in  either  storage  container  did  not  limit  the  rate  of  methyl 
llnoleate  degradation. 

The  concentration  of  a-tocopherol  in  the  model  system  did  affect 
the  observed  rate  of  methyl  llnoleate  degradation.  The  rate  of  methyl 
llnoleate  loss  was  significantly  lower  (p<0.0l)  when  the  initial  concen- 
tration of  a-tocopherol  was  higher. 

A significant  temperature  dependence  of  methyl  llnoleate  oxidation 
was  described  by  the  prediction  equations  (Tables  12  and  13).  The 
apparent  activation  energies  (Ea)  were  calculated  and  are  shown  in  Table 
14.  The  Ea's  ranged  from  11.1  to  18.2  kcal  mol-1  and  no  Ea  was  signifi- 
cantly different  from  the  others  at  p<0.01  level. 


14.  Apparent  activation  energies  for  methyl  linoleate 
in  a dehydrated  model  food  system  stored  at  various 
activities,  storage  container  oxygen  contents,  and 


Water  Activity 


125  ug 


u-Tocopherol  Concentration 


a-tocopherol 


14.6  15.2 

16.2  13.0 


^Apparent  activation  energies,  kcal  mol" 
Contained  0.05  mmol  gaseous  0„ 

Contained  4.8  mmol  gaseous  0 


A typical  oxygen  uptake  pattern  of  the  samples  containing  methyl 
llnoleate  and  various  quantities  of  a-tocopherol  Is  shown  by  the  data  In 

an  Induction  period  before  oxygen  uptake  was  observed.  The  oxygen 
uptake  occurred  with  an  Initial  linear  uptake  followed  by  an  asymptotical 


approach  to  a limiting  value. 

gen  uptake  by  the  model  system  at  various  as  and  a-tocopherol  concen- 
trations are  shown  In  Table  15.  The  oxygen  uptake  rates  were  the  most 


rapid  at  a of  0.42  and  the  slowest  at  a of  0.23,  but  wi 
Metal  Concentration  of  Model  System 


talning  no  fat  was  determined  by  at 
The  model  system  contained  17.39  an 
pectlvely.  This  represents  311.3  n 
total  copper  per  gram  model  system. 


spectrophotometry. 


Bloassay  of  a-Tocopherol  After  Storage 
The  biological  activity  of  a-tocopherol  stored  In  dehydrated  model 
food  systems  containing  no  fat,  saturated  fat,  and  unsaturated  lipids 
was  determined.  The  biological  activity  of  o-tocopheryl  oxide,  a- 
tocopheryl  qulnone,  and  a-tocopheryl  dimer  was  also  determined. 

ferase  (AspAT)  and  pyruvate  kinase  (PK)  activities.  Plasma  a-tocopherol 
concentration  was  also  determined  for  each  rat.  Plasma  AspAT  activity 
was  found  to  be  unaffected  by  the  dose  of  a-tocopherol  ingested  by  the 


25  |*g  TOH/g/- 


Rate  of  oxygen  uptake  and  Induction  period  of  dehydrated 


biological  activity. 

Plasma  PK  activity  and  a-tocopherol  concentration  were  dependent 
upon  the  amount  of  a-tocopherol  Ingested  (Figures  17  and  18).  An 
Increase  in  the  amount  of  a-tocopherol  Ingested  caused  a decrease  in  the 
PK  activity  and  an  Increase  in  the  plasma  a-tocopherol  concentration. 

1.6  mg  a-tocopherol  per  kg  body  weight-day  for  PK  activity. 

The  biological  activity  of  a-tocopherol  stored  in  a dehydrated 

tocopherol  concentration  and  PK  activity  to  the  response  curves  from 
feeding  freshly  prepared  model  system  containing  graded  amounts  of  o- 

and  the  corresponding  HPLC  determined  n-tocoph- 
shown  in  Table  16.  Data  obtained  in  a similar 
r a-tocopheryl  oxide,  a-tocopheryl  quinone,  and  tocopheryl 
shown  in  Table  17.  The  reported  mean  a-tocopherol  equivalents 
the  equivalent  amount  of  a-tocopherol  required  to  cause  a res- 
ponse equal  to  the  group  mean  response  from  the  model  system.  The 
reported  ranges  represent  the  equivalent  a-tocopherol  concentration 

group  response.  Since  the  standard  response  curve  is  curvilinear,  the 
reported  mean  a-tocopherol  equivalents  are  not  the  same  as  the  mean  of 


P.K.  Activity  (U/ml) 
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l 


mg  TOH/Kg  B.W.  day 


Plasma  TOH  Concentration  (pg/IOOml) 


Plasma  a-tocopherol  concentration  response  as  a function  of 
e-tocopherol  consumed  during  the  4 day  vitamin  E repletion 
period.  Bars  represent  2 one  standard  error  of  mean  group 
response. 
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The  fortification  level  and  a-tocopherol  biological  activity 
equivalents  of  a-tocopheryl  oxide,  a-tocopheryl  qulnone,  and 
a-tocopheryl  dimer. 


Degradation  In  diet 

Product  (ug/g) 


Mean  (and  range)3  a-tocopherol 
equivalents  determined  by: 
Plssma  a-  Pyruvate 


(ug/g) 


a-tocopheryl  412.5 


a-tocopheryl  412.5 

qulnone 


(0-28.0) 


(279.6-559.2) 

143.0 


sRange  of  a-tocopherol  equivalents  of  plus  or  minus  one  standard  error 
or  response 


DISCUSSION 


t unsaturated  lipids  was 
uded  water  activity  (a^) , 


The  storage  stability  of  o-tocopherol  in  < 

studied.  The  storage  parameters  evaluated  inc 
lipid  composition,  storage  temperature,  and  the  oxygen  content  in  the 
storage  container.  The  biological  activity  of  O-tocopherol  after  stor- 
age and  of  a-tocopheryl  oxide,  a-tocopheryl  quinone,  and  o-tocopheryl 

q-Tocopherol  Stability;  No  Fat  Model  System 

containing  no  fat  was  monitored  as  a function  of  storage  time.  The 
model  system  was  stored  at  a of  0.10,  0.24,  0.42,  or  0.65  at  20  , 30,  or 
37®C  with  molar  ratios  of  oxygen  to  a-tocopherol  of  15:1  (TDT  can  con- 
taining 0.05  mmol  oxygen)  or  1450:1  (303  can  containing  4.8  mmol  oxygen). 
Figures  6 and  7 show  high  performance  liquid  chromatograms  of  the  lipid 
extract  of  a 0-tocopherol  fortified  dehydrated  model  food  system  con- 

the  model  food  system  obtained  at  zero  storage  time  is  shown  in  Figure 
6.  Figure  7 shows  a chromatogram  obtained  after  storage  of  the  model 
food  system  until  approximately  75Z  of  the  initial  a-tocopherol  had 
degraded.  The  concentration  of  a-tocopherol  decreased  during  storage  of 
the  model  food  system  containing  no  fat.  Peaks  characteristic  of  two 

of  the  model  food  system  containing  no  fat  (Figure  7).  Although  not 
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quantitated  because  of  their  low  concentration  and  absorptivity,  these 

The  HPLC  retention  characteristics  and  the  absorptlvltles  of  these  peaks 
are  similar  to  those  for  a-tocopheryl  oxide  and  u-tocopheryl  quinone, 

analysis  of  these  peaks  was  not  done. 

tion  In  the  model  food  system  containing  no  lipid  was  modeled  by  first 
order  kinetics  (Figure  4).  This  pattern  of  degradation  was  observed  at 

tocopherol  studied. 

Am  Effect 

Salwln  (1963)  hypothesized  that  nutrients  should  exhibit  maximum 

moisture  content.  The  B.E.T.  monomolecular  moisture  content  for  the 

(Bach,  1974) . The  rate  of  o-tocopherol  degradation  during  storage  in 
the  model  system  decreased  as  the  a was  decreased  from  0.65  to  0.10. 

The  degradation  rate  of  o-tocopherol  Increased  as  a function  of  a 
through  the  range  of  0.10  to  0.65  (Table  5).  This  relationship  between 
aw  and  degradation  rates  Is  characteristic  of  the  degradation  of  water 
soluble  nutrients  (Figure  3).  Because  a-tocopherol  Is  not  water  solu- 
ble, these  data  Indicate  that  a reactant  which  Is  water  soluble  is 
required  for  degradation  of  a-tocopherol.  The  reactivity  of  the  water 


soluble  reactant  and  Its  availability  for  reaction  with  a-tocopherol 

The  availability  of  a-tocopherol  for  reaction  with  these  water  sol- 
uble reactants  Is  Influenced  by  the  physical  state  of  the  a-tocopherol 
in  the  model  system.  Dispersion  of  a-tocopherol  In  the  model  systems 
used  In  these  stability  studies  was  accomplished  by  homogenization  of  a 
40%  solids  slurry  prior  to  dehydration.  Voth  and  Miller  (1958)  reported 

of  6:1,  the  a-tocopherol  was  bound  to  proteins.  Voth  and  Miller  (1958) 
theorized  that  a-tocopherol  bound  to  the  negatively  charged  amino  acids 
In  proteins.  Since  a-tocopherol  Is  hydrophobic,  a-tocopherol  would  be 

polar,  negatively  charged  amino  acids.  In  the  model  system  slurry,  a- 

erol  ratios  reported  by  Voth  and  Miller  (1958),  the  finely  dispersed 
hydrophobic  a-tocopherol  molecules  would  be  expected  to  be  bound  to  pro- 

dispersion  of  a-tocopherol  throughout  the  model  food  system  matrix. 

to  diffuse  through  the  model  system  matrix  and  Its  associated  water 
layer (s)  to  react  with  a-tocopherol. 

Labuza  (1976)  reported  that  an  Increase  In  the  a or  moisture  con- 
tent of  a food  influences  the  availability  and  reactivity  of  water  solu- 
ble reactants.  The  Increased  au  was  reported  to  cause  swelling  of  bound 
surfaces,  dissolution  of  precipitated  crystals,  and  lowering  of  viscos- 
ity of  the  aqueous  phase.  These  parameters  were  associated  with  an 
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Increased  solubility  of  reactants  or  increased  rate  of  migration  of 
water  soluble  reactants,  resulting  in  an  Increased  rate  of  water  soluble 
nutrient  loss.  Similarly,  as  the  aM  of  the  model  system  used  in  these 
storage  studies  was  increased,  the  model  system  matrix  surrounding  the 
a-tocopherol  would  become  hydrated,  and  the  reactivity  and  the  rate  of 
migration  of  water  soluble  reactants  would  increase.  Data  in  Table  5 
show  the  rate  of  a-tocopherol  degradation  increased  as  the  a of  the 
model  food  system  increased  from  0.10  to  0.65,  indicating  an  increase  in 
availability  and  reactivity  of  water  soluble  reactants. 

Two  previously  discussed  mechanisms  of  a-tocopherol  degradation 
could  occur  in  the  model  food  system  containing  no  fat  (Kofler  et  al. , 
1972  and  Cort  et  al.,  1978).  Both  of  these  mechanisms  Involve  water 
soluble  reactants.  Although  the  water  soluble  compounds  which  react 
with  a-tocopherol  were  not  identified,  they  are  theorized  to  include 


tion  metals  such  as  iron  and  copper  react  with  a-tocopherol.  Analysis 


r copper  would  be  in  the: 


4.1  nmol  copper,  and  290  nmol  of  a-tocopherol 
oxygen  and  water.  The  probability  that  iron 

) reported  that  at  low  m 


i in  moisture  content  caused  a faster  rate  of 
lowered  viscosity  of  the  aqueous  phase,  higher 


mobility  of 


swelling 


Increase 


study  which  contained  low  leve 


the  model  system  used  In  the  present 

Increase  as  the  a Is  Increased.  Thus 
the  rate  of  a-tocopherol  degradation  In  the  model  food  system  may  be  a 
function  of  the  rate  of  metal  ion  oxidation  or  the  rate  of  migration  o. 


Influence  the  stability  of  a-tocopherol. 


a-tocopherol. 


Kofler  et  al.  (1972)  reported  that  oxygen  is  required  for  the 
degradation  of  a-tocopherol  and  a limited  oxygen  content  would  be 
expected  to  decrease  the  rate  of  a-tocopherol  degradation.  Halton  and 
Fisher  (1937)  and  Kirk  (1978)  theorized  that  the  a may  control  the  oxy- 
gen solubility  and  the  rate  of  oxygen  diffusion  in  the  aqueous  medium  of 
foods.  Recently,  Mohr  (1980)  proposed  that  the  mass  transfer  of  oxygen 
affects  the  rate  of  oxidation  of  ascorbic  acid  In  dehydrated  foods.  In 
the  model  food  system  used  in  this  study,  oxygen  solubility  and  diffu- 
sion would  be  affected  by  a^.  The  soluble  solids  concentration  and  the 
bound  water  in  the  model  system  matrix  would  be  expected  to  control  the 
availability  of  oxygen  for  a-tocopherol  degradation.  As  the  a is 
increased,  the  amount  of  dissolved  oxygen  present  and  the  rate  of  migra- 
tion of  that  dissolved  oxygen  would  increase,  resulting  in  an  increased 
degradation  rate  of  a-tocopherol. 

The  amount  of  soluble  oxygen  required  for  oxidation  of  a-tocopherol 
was  calculated.  A molecule  of  a-tocopherol  contains  two  oxygen  atoms 
while  a-tocopheryl  oxide  or  a-tocopheryl  qulnone  contains  three  atoms  of 
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oxygen.  Indicating  that  a minimum  of  0.5  mol  Oj  is  requited  for  conver- 
sion of  one  mol  a-tocopherol  to  a-tocopheryl  oxide  or  a-tocopheryl  qui- 
none.  The  maximum  solubility  of  oxygen  dissolved  in  the  moisture  in  the 

water  (a  of  0.65  at  37°C)  and  using  a high  estimate  of  the  solubility 


even  though  i 


aqueous  pi 


Is  a high  estimate  of  oxygen  solubility  ii 
58  X 10”°  mol  oxygen  per  g model  system.  ' 

ratio  is  smaller  than  the  ratio  of  oxygen  required  for 
del  system  cannot  be  oxidised  by  the  soluble  oxygen  in  thi 
e moisture  of  the  model  system  was  required  f 


The  dissolution  of  gaseous  oxygen  into  the  moisture  in  the  model 
system  is  controlled  by  the  equilibrium  constant: 

K - [°2>d 

w: 

where  [02J . and  [0- J denotes  the  concentration  of  dissolved  and  gaseous 
oxygen,  respectively.  As  dissolved  oxygen  was  removed  from  the  moisture 
of  the  model  system  by  reaction  with  a-tocopherol,  gaseous  oxygen  would 
be  transported  into  the  aqueous  phase  of  the  model  system.  Removal  of 
oxygen  from  the  headspace  of  the  container  would  reduce  the  partial 
pressure  of  oxygen  in  the  container.  A lowered  partial  pressure  of  oxy- 
gen would  decrease  the  driving  force  for  mass  transfer  and  dissolution 
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the  partial  pressure  of  oxygen  would  be  roost  pronounced  when  the  Initial 
concentration  of  gaseous  oxygen  is  lower.  As  the  partial  pressure  of 
gaseous  oxygen  is  decreased,  the  concentration  of  dissolved  oxygen  would 
id  according  to  the  equilibrium  equation.  This  decreased  con- 

a-tocopherol  degradation. 

The  rate  of  a-tocopherol  degradation  in  the  model  system  containing 
no  lipid  was  affected  by  the  oxygen  content  in  the  storage  containers 
(Table  5 and  Figure  12).  The  molar  ratios  of  gaseous  oxygen  to  a-tocoph- 
erol present  in  the  storage  containers  were  calculated  to  be  approxi- 
mately 15:1  (TUT  can)  or  1450:1  (303  can).  Adequate  oxygen  was  present 
in  both  types  of  storage  containers  to  degrade  all  of  the  a-tocopherol 
in  the  model  food  system.  However,  the  rate  of  a-tocopherol  degradation 
was  greater  (p£0.05)  when  the  samples  were  stored  with  the  larger  ratio 
of  gaseous  oxygen  to  a-tocopherol. 

most  pronounced  at  higher  as  and  higher  storage  temperatures,  where 
the  rate  of  a-tocopherol  degradation  approached  its  maximum.  Although 
the  solubility  of  oxygen  is  decreased  as  the  temperature  is  increased, 
an  increased  temperature  will  increase  the  mass  transfer  of  oxygen  into 
the  aqueous  phase  of  the  model  system  and  decrease  the  viscosity  of  the 
aqueous  phase.  In  addition,  oxygen  solubility  will  increase  as  the  a 
is  increased.  The  diffusion  rate  of  oxygen  is  increased  when  both  the 
temperature  and  a are  increased.  The  effect  of  the  molar  ratio  of 
gaseous  oxygen  to  a-tocopherol  was  most  pronounced  when  the  rate  of  a- 
tocopherol  degradation  was  rapid  (at  37”C)  and  the  diffusion  of  oxygen 


indicates 


gaseous  oxygen  concent  on  che  stability  of  a-tocopherol  in  a food  system 
containing  no  fat  would  occur  only  when  the  dissolved  oxygen  can  readily 
diffuse  through  the  model  system  to  react  with  o-tocopherol. 

Activation  Parameters 

Apparent  activation  energies  (Ea)  for  the  degradation  of  e-tocoph- 


the  energy  required  ti 


parameters  including  enthalpy 


cant  difference  (p^O.Ol)  w 
These  data  indicate  that  t 
tocopherol  complex  was  i 
the  storage  container. 

The  thermodynamic  a< 

in  Table  7.  Water  activity  did  not  influence  AIT  or  AS*  In  a linear 
manner.  The  AGT  ranged  from  27.1  to  27.4  throughout  the  range  of  a ant 
oxygen  contents  used  in  this  experiment,  but  the  AG*  were  not  signifi- 
cantly different  (p<0.05).  This  isokinetic  relationship  is  theorized  t< 
be  exhibited  only  by  reactions  in  which  solvent  changes  do  not  result  ii 
a change  of  the  reaction  mechanism  (Leffler,  1955).  The  fact  that  the 
degradation  pattern  of  a-tocopherol  in  the  model  system  adhered  to  the 
isokinetic  relationship  indicates  that  the  reaction  mechanism  of  a- 


o-Tocopherol  Stability:  Saturated  Fat  Model  System 
The  concentration  of  o-tocopherol  in  a dehydrated  model  food  system 
containing  IT  hydrogenated  coconut  fat  was  monitored  as  a function  of 


storage  time.  The  model  system  was  stored  with  a molar  ratio  of  oxygen 


at  37°C.  The  degradation  of  a-tocopherol  in  a dehydrated  model  food 
system  containing  IX  hydrogenated  coconut  fat  was  described  by  first 
order  kinetics  (Figure  8).  These  data  represent  a non-lipid  mediated 
degradation  of  a-tocopherol  in  a model  food  system  containing  lipids. 

The  first  order  rate  constants  for  a-tocopherol  degradation  in  a 
model  food  system  containing  saturated  fat  (Table  8)  were  not  signifi- 
cantly different  (p^O.Oi)  from  the  corresponding  rate  constants  for  a- 
tocopherol  loss  in  model  systems  containing  no  fat  (Table  5)  stored 
under  the  same  conditions.  The  rates  of  a-tocopherol  degradation  in  the 
model  systems  containing  no  fat  or  saturated  lipids  were  a function  of 
,lw ■ In  both  cases,  the  a-tocopherol  degradation  rate  was  highest  at  the 
higher  aus  and  decreased  as  Che  a was  decreased  (Table  8).  Thus,  it 
again  appears  that  the  a-tocopherol  is  reacting  with  a water  soluble 
reactant  and  that  the  activity,  solubility,  or  mobility  of  these  reac- 
he a^  is  Increased  as  discussed  in  the  previous 


From  these  data,  it  appears  that  the  storage  stability  of  a-tocoph- 
erol is  similar  whether  the  food  system  contains  no  fat  or  a saturated 
fat.  Because  saturated  fats  have  been  shown  not  to  oxidise  at  apprecia- 
ble rates  in  the  model  food  system  (Widicus  and  Kirk,  1980),  the  storage 
stability  of  a-tocopherol  in  the  model  food  system  containing  a saturated 
fat  would  represent  a degradation  of  a-tocopherol  which  was  not  mediated 
by  autoxldatlon  of  unsaturated  lipids.  Variations  of  the  storage  param- 
eters including  a^,  oxygen  content  in  the  storage  container,  and  temper- 
ature would  be  expected  to  cause  similar  effects  on  the  degradation  rate 
of  a-tocopherol  regardless  of  whether  the  model  system  contained  no  fat 
or  saturated  lipids. 


a-Tocopherol  Stability : Unsaturated  Pat  Model  System 

The  third  portion  of  this  study  concerns  the  stability  of  a-tocoph- 
erol  in  a dehydrated  model  food  system  containing  an  unsaturated  fat, 
methyl  linoleate.  The  storage  parameters  which  were  varied  in  this  third 
study  included:  a^  (0.11,  0.23,  0.42,  and  0.67),  temperature  (20,  30, 
and  37“C),  storage  container  oxygen  content  (0.05  or  4.8  mmol  oxygen  per 
container),  and  the  initial  a-tocopherol  concentration  (125  or  250  ug  o- 
tocopherol  per  g model  system) . 

procedure.  Figure  9 represent  a HPLC  chromatogram  of  the  lipid  extract 
of  the  model  system  containing  a-tocopherol  and  methyl  linoleate  before 
storage.  Figure  10  is  a chromatogram  of  the  extract  from  the  same  model 
system  following  storage  until  approximately  87. 5*  of  the  Initial  o- 
tocopherol  had  degraded.  Comparison  of  the  chromatograms  in  Figures  9 
and  10  demonstrates  that  the  concentration  of  both  methyl  linoleate  and 
a-tocopherol  decreased  with  storage  time  (Table  9,  10,  12,  and  13). 

Several  peaks  other  than  those  characteristic  of  methyl  linoleate 
and  a-tocopherol  were  detected  after  storage  of  the  model  system.  Peaks 
characteristic  of  n-tocopheryl  oxide  (T0X)  and  n-tocopheryl  quinone  (TQ) 
were  among  the  new  peaks.  Alpha-tocopheryl  oxide  and  n-tocopheryl  qui- 
none were  also  detected  in  the  model  systems  containing  no  fat  following 
storage.  These  data  indicate  that  the  same  degradation  products  of  a- 
e formed  regardless  of  the  presence  or  type  of  lipid  in 
em.  Two  other  large  peaks  eluting  at  10.5  and  12  minutes 
:e  of  these  peaks  increased  as  a function 
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of  storage 


unknown  peaks  were  detected  when  undistllled  chloroform  was  chromato- 
graphed under  identical  conditions.  These  peaks  were  not  detected  when 
the  extraction  was  done  with  methanol  or  hexane.  Since  chloroform  is 
known  to  be  unstable,  it  is  probable  that  the  two  peaks  eluting  in  10.5 
and  12  minutes  were  degradation  products  produced  from  reaction  of  chlo- 
roform with  reactants  or  oxidation  products  formed  during  storage  of  tin 


The  percent  recovery  of  a known  amount  of  o-tocopherol  added  during 
the  chloroform:ethanol:water  extraction  of  the  lipids  from  the  model 
system  containing  unsaturated  lipids  decreased  as  a function  of  the 
length  of  storage  of  the  model  system.  This  indicates  that  compounds 
were  formed  during  storage  of  the  model  system  containing  methyl  llnole- 
ate  which  oxidized  a-tocopherol  during  extraction.  Addition  of  0.002  g 

e addition  of  BHT  to  the  extraction  solutions  was 
done  throughout  these  storage  stability  studies,  and  the  extraction 
recoveries  of  a-tocopherol  were  consistently  902.  This  indicates  that 
a-tocopherol,  in  the  presence  of  BHT,  wss  not  being  oxidized  during 
extraction,  and  that  oxidation  products  formed  during  storage  of  the 
model  system  did  not  affect  the  extraction  of  a-tocopherol. 

The  degradation  of  a-tocopherol  in  this  model  food  system  contain- 
ing an  unsaturated  lipid,  methyl  llnoleate,  was  described  by  zero  order 
kinetics  (Figure  11).  Deviations  from  zero  order  kinetic  plots  were  not 
observed  with  variations  of  the  a from  0.11  to 
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stored  with  0.05  mmol  Oj. 

As  previously  discussed,  the 
reaction  is  that  the  degradation 
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rate  is  independent  of  t 
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with  respect  to  a-tocopherol  since  the  rate  of  a-tocopherol  1* 
accelerated  as  the  initial  concentration  of  a-tocopherol  was  . 

(Tables  9 and  10) . These  data  indicate  that  the  rate  of  a-tocopherol 

the  concentration  of  a reactant  other  than  a-tocopherol.  The  degrada- 
tion simple  zero  order  kinetic  theory  can  explain.  This  complex  reac- 
tion will  be  discussed  further  in  the  section  dealng  with  the  stability 
of  methyl  llnoleate. 


The  rate  of  a-tocopherol  degradation  in  a model  system  containing 
methyl  llnoleate  was  affected  by  a (Figure  11).  The  degradation  rate 
was  slowest  at  a of  0.23,  a value  near  the  B.E.T.  monomolecular  mois- 
ture content  (aw  of  0.24  ) (Bach,  1974).  The  rate  of  a-tocopherol  loss 
in  the  model  system  containing  methyl  llnoleate  was  increased  as  the  a 
was  lowered  to  0.11  or  raised  to  0.42  or  0.67  (Tables  9 and  10  and  Fig- 
ure 11).  The  degradation  of  a-tocopherol  In  a model  system  containing 
methyl  llnoleate  supports  the  hypothesis  of  Salwln  (1963)  which  states 


che  scorage  stability  of  a-tocopherol 


model  system  containing  methyl  linoleate  Is  similar  to  the  effect  of  a 
on  the  stability  of  unsaturated  lipids,  as  summarized  by  Labuza  (1968) 
(Figure  3).  These  data  indicate  that  a-tocopherol  degraded  by  a mecha- 
nism that  is  dependent  on,  or  similar  to,  the  oxidation  of  unsaturated 


The  presence  of  metal  ions  in  the 
rate  of  oxidation  of  a-tocopherol.  Cort  et 
metal  ions  in  their  higher  valence  states 


that  decomposition  of  lipid  hydroperoxides 


food  system  affects  the 
al.  (1978)  reported  that 

Tappel  (1970  a,b)  reported 


indicating  that  the  rate  of  iron  oxidation  is  affected  by  tl 
tlon  of  methyl  linoleate  hydroperoxides.  In  the  model  system  containing 
methyl  linoleate,  the  rate  of  metal  ion  oxidation  to  its  higher  valence 
state  would  be  affected  by  moisture,  oxygen,  and  methyl  linoleate  hydro- 
peroxide breakdown.  Thus,  the  rate  of  a-tocopherol  degradation  in  the 
model  system  containing  methyl  linoleate  is  probably  dependent  upon  the 
rate  of  metal  ion  oxidation. 


Lipid  Oxidation  Effect 

In  addition  to  the  effect  of  metal  ions,  the  oxidation  of  methyl 
linoleate  yields  reactants  which  oxidize  a-tocopherol.  Gruger  and  Tap- 
pel  (1970  a,b)  reported  that  the  reaction  of  free  radicals  produced  from 
lipid  oxidation  results  in  the  oxidation  of  a-tocopherol  and  termination 
of  the  free  radicals.  The  oxidation  of  methyl  linoleate  in  the  model 
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with  non-lipid  species,  such  as  proteins.  The  affect  of  increasing  the 
change  in  the  reactivity  of  free  radicals  with  a-tocopherol  in  the  model 

In  the  present  study,  the  oxygen  content  in  the  storage  container 

food  system  containing  methyl  linoleate.  The  rate  of  a-tocopherol  loss 
during  storage  in  the  TDT  can  was  greater  than  the  rate  of  a-tocopherol 
loss  during  storage  in  the  303  can.  This  result  is  the  opposite  of  the 
effect  of  oxygen  content  on  a-tocopherol  stability  in  a model  system 
containing  no  fat.  As  discussed  previously,  the  mass  transfer  of  gas- 
eous oxygen  into  the  aqueous  phase  of  the  model  system  is  favored  when 
the  concentration  of  oxygen  in  the  container  is  higher.  The  degradation 
rate  of  a-tocopherol  is  affected  by  the  amount  of  dissolved  oxygen,  thus 
the  model  system  in  the  303  can  should  exhibit  a greater  rate  of  a- 
tocopherol  degradation  than  the  model  system  in  the  TDT  can.  This  effect 
of  container  oxygen  content  was  not  observed.  Therefore,  the  rate  of 
a-tocopherol  degradation  in  a model  system  containing  methyl  linoleate 
does  not  appear  to  be  controlled  by  rate  of  oxygen  dissolution. 

This  unexpected  effect  of  container  oxygen  content  is  probably  due 
to  the  fact  that  oxygen  is  more  soluble  in  unsaturated  lipids  than  in 
water  (Ke  and  Ackman,  1973).  The  oxygen  required  for  oxidation  of  a- 
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tocopherol  may  be  present  in  the  lipid  fraction  and  thus  mask  any  effect 
of  the  storage  container  oxygen  content.  Furthermore,  the  fact  that  the 
oxygen-binding  methyl  llnoleate  was  mixed  with  a-tocopherol  prior  to 
blending  with  the  model  system  probably  ensured  the  presence  of  suffi- 
cient amounts  of  dissolved  oxygen  for  a-tocopherol  oxidation,  regardless 
of  the  oxygen  content  of  the  storage  container. 

The  concentration  and  composition  of  the  degradation  products  formed 
from  methyl  llnoleate  oxidation  probably  influenced  the  degradation  of 
a-tocopherol  stored  in  TDT  or  303  cans.  During  the  degradation  of  methyl 
llnoleate,  many  free  radicals,  peroxides,  and  hydroperoxides  are  produced 
(Dugan,  1976).  The  concentration  and  composition  of  the  methyl  llnoleate 
degradation  products  formed  during  storage  may  differ  when  the  model  food 
system  is  stored  with  0.05  mmol  oxygen  (TDT  can)  or  with  4.8  mmol  oxygen 
(303  can).  Different  concentrations  and/or  composition  of  methyl  linol- 
eate  degradation  products  would  react  differently  with  a-tocopherol. 

Thus,  the  observed  degradation  as  a function  of  storage  container  may  be 
due  to  the  different  concentration  and/or  composition  of  the  methyl 
llnoleate  degradation  products.  Further  discussion  of  the  production  of 
degradation  products  formed  during  storage  of  methyl  llnoleate  is  pre- 
sented in  the  discussion  of  methyl  llnoleate  stability. 

Another  possible  factor  in  the  deviation  from  the  anticipated  degra- 
dation rate  in  the  TDT  cans  was  the  greater  concentration  of  volatile 
degradation  products  due  to  the  limited  headspace  volume.  Many  volatile 
degradation  products  are  formed  during  degradation  of  unsaturated  lipids 
(Dugan,  1976).  These  volatile  free  radicals  or  other  reactants  would 
cause  oxidation  of  a-tocopherol.  The  concentration  of  these  volatile 


reactants  is  higher  in  the 


ume  of  gas  is  approximately  100  times  less  than  the  gaseous  volume  in 
the  303  can.  This  increased  concentration  of  volatile  reactants  would 
affect  the  volatile  reactant  dissolution  equilibrium: 

K - tVolaclle  Eeactant]jl8golved 

[Volatile  Reactant ) gaseoua 

An  increased  concentration  of  volatile  reactants  in  the  gaseous  head- 

tants,  which  catalyze  the  degradation  of  a-tocopherol.  Further  discus- 
sion of  the  production  of  volatile  products  produced  during  lipid  oxida- 
tion is  presented  in  the  discussion  of  methyl  llnoleate  stability. 

A deviation  from  zero  order  kinetics  for  a-tocopherol  destruction 

a-tocopherol  and  methyl  llnoleate  in  TDT  cans  (Figure  12).  a-Tocopherol 
degradation  in  model  systems  containing  either  125  or  250  Pg  a-tocopherol 
per  g model  system  was  negligible  when  the  concentration  of  a-tocopherol 

data  indicate  that  the  primary  reactant  required  for  degradation  of  a- 
tocopherol  was  depleted  during  storage  of  the  model  system  in  TDT  cans. 

It  is  proposed  that  this  limiting  reactant  was  oxygen  since  oxygen  is 
the  only  known  reactant  which  is  affected  by  storage  of  the  model  system 


The  oxygen  required  for  a-tocopherol  degradation  was  also  consumed 
' the  oxidation  of  methyl  llnoleate.  One  of  the  factors  affecting  the 
ite  of  methyl  llnoleate  oxidation  is  the  concentration  of  a-tocopherol 
i the  model  system.  When  the  concentration  of  a-tocopherol  was  125  yg 
r g,  the  consumption  of  oxygen  by  methyl  llnoleate  was  greater  than 
le  consumption  of  oxygen  by  methyl  llnoleate  when  the  initial 


a-tocopherol  concentration  was  250  ug  Pec  8 (Figure  16).  This  faster 
rate  of  methyl  llnoleate  degradation  when  the  initial  concentration  of 
a-tocopherol  was  lower  resulted  in  a more  rapid  consumption  of  the 
available  oxygen.  Thus,  a-tocopherol  had  insufficient  oxygen  available 
for  degradation  below  a level  of  20  ug  per  g,  regardless  of  the  initial 


Parameters 


The  degradation  of  a-tocopherol  was  influenced  by  storage  tempera- 

food  system  containing  methyl  llnoleate  could  be  described  by  the  Arrhe- 
nius equation.  The  apparent  activation  energies  (Ea)  reported  in  Table 
11  ranged  from  6.0  to  19.4  Kcal  mol-*.  The  values  of  Ea  are  not  signif- 
icantly different  (p£0.05).  It  does  not  appear  that  the  Ea’s  were  a 
function  of  initial  a-tocopherol  concentration  or  oxygen  content  in  the 
container.  Water  activity  appeared  to  have  an  effect  on  the  Ea's.  The 
Ea's  were  generally  lowest  at  0.42  a and  highest  at  0.67  a . Labuza 
(1980  b)  reviewed  the  literature  dealing  with  Ea's  for  reactions  as  a 
function  of  a and  concluded  that,  in  general,  Ea's  for  nutrients  in 
food  products  are  not  consistently  affected  by  a . Although  an  apparent 

model  systems  was  noted,  the  Ea's  were  not  significantly  different 
([><0.05) , and  this  trend  is  not  supported  by  the  literature. 

Methyl  Llnoleate  Stability:  Unsaturated  Fat  Model  System 
In  addition  to  studying  the  stability  of  a-tocopherol  in  a model 
food  system  containing  methyl  llnoleate,  the  stability  of  methyl  llnole- 
ate was  also  studied.  The  simultaneous  study  of  methyl  llnoleate  and  a- 
tocopherol  stability  in  the  same  model  food  system  provides  information 
concerning  the  interaction  of  these  two  compounds. 


f methyl  linoleate  was  monitored  by  a gas  liquid 
chromatography  (GLC)  procedure.  BHT  was  added  during  extraction  to  pre- 
vent oxidation  of  methyl  linoleate.  Recoveries  of  methyl  linoleate  added 
during  the  extraction  were  >902  throughout  the  storage  studies.  Figure 

prior  to  storage.  A GLC  chromatogram  of  the  lipid  extract  from  a model 

degraded  is  shown  in  Figure  14.  Methyl  linoleate  degraded,  and  addi- 

Methyl  linoleate  degradation  during  storage  of  a dehydrated  model 

kinetics  (Figure  15).  Deviations  from  aero  order  kinetic  plots  were  not 
observed  as  a function  of  a , oxygen  content  in  the  container,  a-tocoph- 
r storage  temperature  (Tables  12  and  13) . 


Methyl  linoleate  was  most  stable  at  a of  0.23  (Figure  15),  a value 

(Bach,  1974).  This  observed  stability  pattern  of  an  unsaturated  lipid 
in  a dehydrated  food  system  has  been  reported  by  numerous  investigators 

Tuomy  et  al. , 1969;  Heidelbaugh  et  al.,  1971;  Labuza  et  al.,  1972;  and 
Quasi  and  Karel,  1972). 

The  change  in  the  rate  of  methyl  linoleate  oxidation  as  affected  by 
the  a s was  similar  to  the  pattern  described  by  Labuza  (1976)  (Figure  3), 
The  rate  of  methyl  linoleate  oxidation  Increased  as  the  a was  increased 
within  the  multilayer  region  from  0.23  (the  B.E.T.  monomolecular  moisture 
content)  to  0.47.  As  previously  discussed,  the  observed  increase  in  the 
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rate  of  a reaction  as  the  a is  increased  is  due  to  swelling  of  bound 
surfaces  to  expose  more  catalytic  sites,  solubilization  and  activation 
of  precipitated  reactants,  and  increased  mobility  of  reactants.  As  the 
a was  increased  from  0.42  to  0.67,  the  rate  of  methyl  llnoleate  oxida- 
tion decreased  (Tables  12  and  13) . This  decreased  rate  of  methyl  lino- 
leate  oxidation  is  attributed  to  dilution  of  reactants  in  the  water 
associated  with  capillary  hydration  of  the  model  system.  Bach  (1974) 
reported  that  capillary  hydration  begins  to  occur  in  this  model  system 
as  the  a approaches  0.65.  Lsbuza  et  al.  (1972)  reported  similar 

capillary  hydration  occurred. 


As  the  a of  the  model  food  system  was  decreased  from  0.23  to 
the  rate  of  methyl  llnoleate  oxidation  Increased.  Labuza  (1980  a) 

ture  content  Increases  the  rate  of  lipid  oxidation  because  many  of 
peroxides  which  would  be  deactivated  by  hydrogen  bonding  to  water  i 
use  of  an  insufficient  number  of  water  i 


cules  to  bind  to  the  peroxides, 
llnoleate  at  as  below  the  B.E. 
change  in  the  physical  state  of 


reaction 


The  rate  of  methyl  llnoleate  oxidation  was  affected  by  the  oxygen 
content  in  the  storage  container.  The  rate  of  methyl  llnoleate  oxlda- 

headspace  volume  (Table  12  and  13).  Dugan  (1976)  reported  that  many 
volatile  products  are  produced  during  oxidation  of  unsaturated  lipids. 


These  volatile  products  may  include  reactive  free  radicals 


with  methyl  llnoleate.  These  volatile  reactive  products  would  be  more 
concentrated  In  the  headspace  of  the  TDT  cans,  which  could  catalyze  the 


degradation  of  methyl  llnoleate  in  the  model  system  stored  In  TDT  cans. 
No  attempt  was  made  to  confirm  that  volatile  reactants  were  present  in 
the  headspace  of  the  containers. 

The  degradation  of  methyl  llnoleate  did  not  deviate  from  zero  order 
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kinetics  when  the  model  system  was  stored  with  a molar  rati 
to  methyl  llnoleate  of  12:1  (303  can)  or  0.13:1  (TDT  can).  Data  in  Fig- 

the  molar  ratio  of  oxygen  to  methyl  llnoleate  was  1:1.  Methyl  llnoleate 
would  not  be  expected  to  be  completely  oxidized  In  the  TDT  can  since  the 
molar  ratio  of  oxygen  to  methyl  llnoleate  was  < 1 : 1 (l.e.t  0.13:1). 

Methyl  llnoleate  degradation  can  occur  In  the  absence  of  oxygen. 
Unsaturated  lipid  degradation  occurs  in  three  stages:  Initiation,  prop- 

agation, and  termination.  Initiation  is  characterized  by  the  direct 

free  radicals.  Propagation  is  characterized  by  the  reaction  of  the 

are  abstracted  from  the  unsaturated  fatty  acids.  This  abstraction  of 
hydrogen  atoms  can  occur  In  the  presence  or  absence  of  oxygen.  In  this 
experiment,  sufficient  oxygen  was  present  in  the  two  storage  containers 
to  allow  Initiation  of  lipid  oxidation.  After  consumption  of  all  of  the 
oxygen,  methyl  llnoleate  degradation  could  occur  by  free  radical  reac- 
tions. The  rate  of  degradation  of  methyl  llnoleate  remained  constant 
and  thus,  no  deviation  from  the  zero  order  kinetic  plot  was  observed. 


a-Tocopherol 


e of  methyl  linoleate  degradation  was  affected  by  the  ini- 
n of  a-tocopherol  (Tables  12  and  13)-  The  rate  of 
methyl  linoleate  oxidation  decreased  as  the  concentration  of  a-tocoph- 
erol was  Increased.  As  discussed  previously,  the  rate  of  a-tocopherol 
degradation  Increased  as  the  initial  concentration  of  a-tocopherol  was 

Interaction  with  a-tocopherol 

The  previously  discussed  storage  parameters  (a  , temperature,  ini- 
tial a-tocopherol  concentration,  and  storage  container  oxygen  content) 
affected  the  rate  of  degradation  of  methyl  linoleate  and  a-tocopherol  in 
a model  system.  The  identity  of  the  reactant(s)  which  controlled  the 
zero  order  degradation  rate  of  a-tocopherol  or  methyl  linoleate  was 
not  determined  in  this  experiment. 

Previous  research  (Urano  and  Matsuo,  1976;  Gruger  and  Tappel,  1970 
a and  b)  has  demonstrated  that  free  radicals  produced  from  lipid  autoxi- 
datlon  can  react  with  either  a-tocopherol  or  methyl  linoleate.  Thus  free 
radicals  formed  from  the  oxidation  of  methyl  linoleate  during  storage  of 

tocopherol  in  competitive  reactions. 

The  relation  between  the  rates  of  a-tocopherol  and  methyl  linoleate 
degradation  suggests  that  a-tocopherol  and  methyl  linoleate  are  compet- 

ical  formed  by  methyl  linoleate  oxidation.  An  example  of  one  competitive 
reaction  is; 


Methyl  Llnoleate 


Methyl  Llnoleate  Radical 


I l 

Methyl  a-tocopherol 

Llnoleate 


Methyl  Llnoleate  Radical 


a-tocopherol  degradation 
product 


Inactive  Methyl  Llnoleate  Product 


The  reaction  of  a-tocopherol  with  methyl  llnoleate  free  radicals  would 
concentration  of  a-tocopherol  would  decrease  the  rate  of  methyl  llnole- 
ate reaction  with  the  free  radicals,  and  2)  the  rate  of  regeneration  of 
free  radicals  formed  as  an  end  product  of  methyl  llnoleate  oxidation 

The  reactions  Involving  a-tocopherol  and  methyl  llnoleate  are  not 
as  simple  as  depicted  by  the  previously  proposed  mechanism.  The  compli- 
cating factors  need  to  be  discussed  to  Indicate  the  Inadequacy  of  this 
simple  proposed  mechanism.  As  discussed  previously,  oxygen  is  required 

tion,  but  not  for  free  radical/methyl  llnoleate  reaction.  Dugan  (1976) 
reported  that  three  different  free  radicals  are  produced  during  the 
Induction  period  of  methyl  llnoleate  oxidation,  and  that  the  reactivity 
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of  each  radical  varies.  Scission  of  the  methyl  linoleate  molecule, 
which  may  produce  additional  free  radicals,  may  occur  during  oxidation. 
Gruger  and  Tappel  (1970,  a and  b)  reported  that  metal  ions  will  catalyze 

reported  that  the  free  radicals  formed  from  lipid  oxidation  are  dependent 
upon  the  type  of  metal  ion  present  and  the  concentration  of  the  free 
radicals.  The  proposed  mechanism  for  a-tocopherol  and  methyl  linoleate 
degradation  does  not  account  for  some  of  the  possible  components  of 
methyl  linoleate  and  a-tocopherol  degradation.  Rather,  it  is  a simple 

tocopherol  occurring  in  the  dehydrated  model  food  system. 

The  apparent  activation  energies  (Ea)  for  degradation  of  methyl 

shown  in  Table  14.  The  Ea's  for  methyl  linoleate  degradation  ranged 
from  11.1  to  18.2  Real  mol  . There  was  no  significant  difference  in 
the  Ea's  (p<0.01).  The  Ea's  were  not  consistently  affected  by  a , ini- 

tainer.  These  data  indicate  that  the  mechanism  of  degradation  of  methyl 
linoleate  was  not  changed  as  a function  of  the  storage  parameters 


Oxygen  Uptake 

In  addition  to  monitoring  the  stability 
tocopherol  in  the  model  system  containing 

of  oxygen  uptake  studies  provide 


required  for 


is  occurring  in  the  model  system. 
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The  patterns  of  oxygen  uptake  by  the  samples  containing  methyl 
llnoleate  and  a -tocopherol  are  shown  in  Figure  16.  Samples  which  did 
not  contain  methyl  llnoleate  or  o-tocopherol  were  used  as  controls.  The 
control  samples  did  not  consume  a detectable  amount  of  oxygen  during  the 
storage  period  indicating  that  the  consumption  of  oxygen  in  the  model 
system  is  dependent  on  the  presence  of  methyl  llnoleate  or  a-tocopherol. 
Quantitation  of  the  amount  of  oxygen  required  for  oxidation  of  a-tocoph- 
erol  in  the  model  system  showed  that  these  values  were  too  small  to  mea- 
sure, indicating  that  the  oxygen  uptake  was  dependent  upon  the  methyl 
llnoleate  in  the  model  system. 

The  rates  of  oxygen  uptake  and  the  calculated  induction  periods  of 
the  model  system  containing  methyl  llnoleate  and  a— tocopherol  are 
reported  in  Table  15.  The  rate  of  oxygen  uptake  was  a function  of  the 
a of  the  samples.  The  slowest  oxygen  uptake  occurred  when  the  aw  was 
near  the  B.E.T.  monomolecular  moisture  content.  As  the  a was  increased 
or  decreased  from  0.23,  the  rate  of  oxygen  consumption  Increased.  This 
effect  of  a on  the  rate  of  oxygen  consumption  was  consistent  with  the 
previously  discussed  effect  of  a on  the  rate  of  methyl  llnoleate  and  a- 
tocopherol  degradation  during  storage.  These  data  indicate  that  the 

stability. 

The  lag  time  before  samples  began  to  consume  oxygen  was  also 
affected  by  the  a . The  induction  periods,  however,  did  not  follow  a 
discernible  pattern  with  respect  to  the  a or  Initial  a-tocopherol  con- 

requirement  for  oxygen  in  the  model  system  varies  and  was  affected  by 
uncontrolled  factors. 
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One  uncontrolled  factor  In  these  oxygen  uptake  studies  was  the  con- 
centration of  oxygen  bound  by  reactants  In  the  model  system  before  oxy- 
gen uptake  was  monitored.  Campbell  et  al.  (1974)  reported  that  unsatu- 
rated lipids  must  be  oxygenated  before  lipid  oxidation  could  occur. 

These  authors  reported  that  an  apparent  anaerobic  oxidation  of  unsatu- 
rated lipids  observed  during  the  oxygen  uptake  induction  period  was  due 
to  the  oxidation  of  lipids  which  had  bound  oxygen  prior  to  initiation  of 

bound  oxygen  was  depleted  by  lipid  oxidation.  Similar  reactions  may 
have  occurred  during  storage  of  the  model  system  containing  methyl  lino- 

equilibrated  in  a vacuum  desiccator  containing  saturated  salt  solutions. 
The  vacuum  in  the  desiccators  (690  mm  Hg  vacuum)  may  not  have  completely 
de-oxygenated  the  methyl  llnoleate  since  Campbell  et  al.  (1974)  reported 
that  de-oxygenation  of  pure  methyl  llnoleate  required  exposure  to  1520 

ment  of  oxygen  uptake. 


A rat  bloassay  was  us 
tocopherol  after  storage  i 


I to  estimate  the  biological  activity  of  a- 
model  systems  containing  no  lipids,  satu- 
llplds.  Possible  degradation  products  o 


a-tocopherol  produced  during  storage  of  the  model  system  were  ten 
tively  identified.  These  degradation  products  were  synthesized  S' 


Following  48  days  of  vitamin  E depletion,  each  rat  was  given  20  g 
of  repletion  diet  daily  for  four  days.  To  prevent  major  changes  in  the 
diet  presented  to  the  rats,  the  repletion  diets  consisted  of  a blend  of 
model  system  and  vitamin  E deficient  diet.  The  standard  control  model 
systems  consisted  of  freshly  prepared  model  system  containing  known  con- 
centrations of  o-tocopherol.  The  concentration  of  a-tocopherol  in  the 


systems  were  blended  with  model 


/stem  (Table  16).  The  stored  model 

dietary  a-tocopherol  would  fall 
standard  control  model  systems.  The  repletion 


vitamin  E deficient  diet 


the  response  of  the  groups  of  r 

The  average  diet  consumption  of  the  groups  of 


:em  fortified  with  a-tocopherol 
: the  repletion  diets  contained 
E deficient  diet  (3:7).  Prep- 
mer  minimized  variations  in 


.5 


t (p<0.05) . These  d 


groups  of  rats  consumed  the  same  amount  of  diet,  , 

group  was  not  significantly  different  from  the  otl 
ing  that  consumption  of  the  various  diets  did  not 
weight  change  during  the  4 day  repletion  period. 


ta  consumed  a slgnlf- 
ata  indicate  that  all 
i that  the  presence 

up  average  weights  of 

r (p<0.05),  indlcat- 
ause  a significant 
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The  standard  curves  relating  plasma  a-tocopherol  c< 
pyruvate  kinase  (PK)  activity  to  standard  o-tocopherol  dietary  levels 
are  shown  In  Figures  17  and  18.  The  response  of  plasma  o-tocopherol 
concentration  and  PK  activity  were  related  to  dietary  a-tocopherol  lev- 
els as  a curvilinear  function.  This  relationship  was  maintained  between 
the  range  of  0 to  2.5  mg  a-tocopherol  per  Kg  body  weight  per  day  for 
plasma  a-tocopherol,  and  between  0.08  to  1.6  mg  a-tocopherol  per  Kg  body 
weight  per  day  for  plasma  PK  activity.  Machlln  et  al.  (1978)  reported 
similar  curvilinear  responses  for  plasma  a-tocopherol  and  PK  activity 
between  the  ranges  of  0.1  to  3.0  mg  a-tocopheryl  acetate  per  Kg  body 


Machlln  et  al.  (1978)  reported  that  plasma  aspartate  aminotransfer- 
ase (AspAT)  activity  responded  to  dietary  a-tocopherol  levels  In  a pat- 
tern similar  to  PK  response.  The  AspAT  activities  In  the  rat  plasma 
from  the  present  experiment  did  not  vary  from  sample  to  sample.  The 
plasma  AspAT  activities  were  determined  using  a pre-mixed  assay  kit 
(Sigma  Co.).  The  AspAT  activity  of  plasma  from  non-depleted  rats  was 
approximately  the  same  as  the  AspAT  activity  of  plasma  from  the  depleted 
rats.  Thus,  the  plasma  AspAT  activity  was  not  used  as  an  indicator  of 
the  biological  activity  of  a-tocopherol.  Rather,  plasma  PK  activity  and 
plasma  a-tocopherol  concentration  were  used  as  Indicators  of  the  a- 
tocopherol  biological  activity. 

The  biological  vitamin  E activities  of  the  stored  model  food  sys- 
tems are  reported  In  Table  16.  The  response  ranges  of  plasma  a-tocoph- 
erol concentrations  or  PK  activities  were  too  large  to  allow  determine- 
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tion  of  the  equivalent  concentration  of  dietary  a-tocopherol  for  each 
individual  rat,  so  the  group  average  responses,  plus  or  minus  one  stan- 
dard error,  were  used  as  a measure  of  dietary  a-tocopherol  equivalents. 
The  concentrations  of  dietary  a-tocopherol  corresponding  to  the  plasma 
a-tocopherol  concentration  (or  PK  activity),  within  one  standard  error 
of  the  group  mean,  are  reported  in  Table  16. 


The  model  food  sy; 
centration  of  a-tocopherol  decreased  from  195.5  to  61.7  ug  per  g as 
determined  by  the  HPLC  procedure  (Table  16) . The  equivalent  a-tocoph- 
erol concentration  of  the  model  food  system  as  measured  by  the  rat  bio- 
assay was  291.3  (plasma  a-tocopherol  bloassay)  or  87.4  (PK  activity  bio- 
assay)  |ig  a-tocopherol  per  g model  system.  The  bloassay  utilizing  plasma 
a-tocopherol  concentration  revealed  a concentration  of  a-tocopherol  in 

ship  was  not  expected  because  a-tocopherol  degradation  products  did  not 
exhibit  any  significant  effect  on  plasma  a-tocopherol  concentration.  No 
theories  are  presented  to  explain  this  effect. 

group  of  rats  indicated  that  the  a-tocopherol  remaining  after  storage 
was  biologically  active.  The  a-tocopherol  equivalent  of  the  range  of 
the  mean  group  PK  activity  plus  or  minus  one  standard  error  did  Include 

storage  was  biologically  active,  and  a-tocopherol  degradation  products 


A model  system  containing  0.01  g hydrogenated  coconut  fi 
g a-tocopherol  per  g model  system  was  stored  until  tl 
concentration  decreased  to  36.7  ug  per  g.  as  measured  by  the  HPLC  proce- 
dure. The  a-tocopherol  equivalents  of  the  range  of  the  mean  group  PK 
activity  and  plasma  a-tocopherol  concentration  plus  or  minus  one  stan- 

system  (Table  16).  Thus,  the  biological  activity  of  the  remaining  a- 
tocopherol  Is  not  affected  by  storage  of  a model  food  system  containing 
IX  hydrogenated  coconut  fat. 

A model  system  containing  IT  methyl  llnoleate  and  125.5  pg  a-tocoph- 
erol per  g model  system  was  stored  until  a-tocopherol  had  degraded  to 

alent  a-tocopherol  ranges  obtained  from  one  standard  error  around  the 
mean  group  responses  of  plasma  a-tocopherol  concentration  and  PK  activ- 
ity were  both  0-9.6  ug  a-tocopherol  per  g model  system.  Thus,  the  bio- 
logical activity  of  a-tocopherol  In  a stored  model  system  containing 
methyl  llnoleate  la  lower  than  the  HPLC  estimate  of  the  concentration 

The  stored  model  system  containing  methyl  llnoleate  did  contain 
oxidizing  unsaturated  lipids.  The  maximum  amount  of  oxidizing  lipids  In 
the  mixed  repletion  diet  was  3 mg  per  rat  per  day.  This  low  level  of 
oxidized  lipid  may  have  catalyzed  oxidation  of  a-tocopherol  during 
digestion  or  absorption.  Further  rat  feeding  studies  would  be  required 
to  identify  the  factor(s)  which  caused  a decreased  biological  activity 

The  biological  activity  of  a-tocopheryl  oxide,  a-tocopheryl  qulnone. 


during  storage  of  a-tocopherol  in  the  model  systems,  are  shown  in  Table 
17.  Dietary  a-tocopheryl  oxide  did  not  cause  an  increase  in  plasma  u- 
tocopherol,  but  did  cause  a change  in  the  pyruvate  kinase  activity. 

This  Indicates  that  a-tocopheryl  oxide  was  not  converted  to  a-tocopherol 
during  digestion,  absorption,  or  transport  in  the  blood,  even  though  a- 
tocopheryl  oxide  did  affect  the  PK  activity.  These  data  also  indicate 
that  a-tocopheryl  oxide  was  transferred  through  the  blood  stream  intact, 
but  exhibited  intracellular  a-tocopherol  activity.  Boyer  (1951)  reported 
that  a-tocopheryl  oxide  could  be  reduced  to  a-tocopherol  in  vitro  by 
ascorbic  acid  or  other  reducing  compounds  indicating  the  biological 
activity  of  a-tocopheryl  oxide  may  result  from  the  intracellular  reduc- 

The  biological  activity  of  a-tocopheryl  quinone  is  reported  in 
Table  17.  Like  a-tocopheryl  oxide,  a-tocopheryl  quinone  caused  no 

verted  into  a-tocopherol  in  a biological  system  (Hughes  and  Tove,  1980), 
but  MacKensie  et  al.  (1950)  reported  that  a-tocopheryl  quinone  can  cure 
muscular  dystrophy  in  animals,  and  Machlin  (1980)  reported  that  a-tocoph- 
eryl quinone  caused  a PK  activity  response  in  vitamin  E depleted  rats. 
These  data  indicate  that  the  rate  of  muscle  breakdown  and  associated  PK 
activity  were  decreased  by  dietary  a-tocopheryl  quinone,  as  Been  in  the 
present  experiment. 

The  biological  activity  of  a-tocopheryl  dimer  is  reported  in  Table 
17.  Alpha-tocopheryl  dimer  exhibited  less  than  lot  biological  a-tocoph- 
erol equivalence  (wt/wt)  by  both  the  plasma  a-tocopherol  and  PK  activity 
bloassays.  These  data  indicate  that  significant  amounts  of  the  dimer 
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not  responsible  for  any  PK  response  in  these  experiments.  Cslanny  and 
Draper  (1963)  reported  that  a-tocopheryl  dimer  is  the  major  a-tocopherol 
breakdown  product  in  the  rat  and  that  this  product  is  excreted  from  the 
rat.  Since  the  dimer  of  a-tocopherol  is  a major  a-tocopherol  breakdown 
product,  it  would  not  be  expected  to  exhibit  any  a-tocopherol  activity. 


The  possible  formation  of  a-tocopheryl  oxide  and  a-tocopheryl  qui- 

activity  by  the  PK  bioassay,  and  the  presence  of  either  of  these  degra- 

the  PK  bioassay  estimate  of  a-tocopherol.  Alpha-tocopheryl  dimer  did 
not  exhibit  a significant  effect  on  the  PK  activity  or  plama  a-tocopherol 


Alpha-tocopheryl  oxide  and  a-tocopheryl  qulnone  did  not  exhibit  a 

their  actual  contribution  to  a-tocopherol  biological  activity  in  the 
stored  model  food  system  cannot  be  determined. 


SUMMARY  AND  CONCLUSIONS 

The  storage  stability  of  a-toeopherol  in  a dehydrated  model  food 
system  at  various  water  activities  (aw) , storage  container  oxygen  con- 
tents, storage  temperatures,  and  lipid  compositions  was  Investigated. 

The  effect  of  these  parameters  on  the  biological  activity  of  a-tocopherc 
following  storage  in  a dehydrated  model  food  system  was  also  studied. 

Alpha-tocopherol  degradation  in  the  model  systems  containing  no 
lipid  or  fortified  with  a saturated  lipid  could  be  described  by  first 
order  kinetics.  The  rate  of  a-tocopherol  degradation  in  the  model  sya- 
at  was  most  rapid  at  the  highest  as  studied  (0.65) 
e a was  lowered  to  0.10.  These  data  indicate  that 
a-tocopherol  degradation  required  a water  soluble  reactant  and  that  the 
activity  or  availability  of  this  reactant  increased  as  the  a was 
Increased.  The  effect  of  a on  the  degradation  rate  of  a-tocopherol 

Other  storage  parameters  influenced  the  storage  stability  of  a- 
tocopherol  in  a model  food  system  containing  no  fat.  The  rate  of  a- 
tocopherol  degradation  was  affected  by  the  amount  of  oxygen  present  in 

oxygen  to  a-tocopherol.  The  effect  of  headspace  oxygen  was  most  pro- 
nounced at  higher  storage  temperatures  and  higher  a s indicating  the 


effects  of  mass  transport,  solubility  of  oxygen,  and  the  rate  of  diffu- 
sion of  reactants  through  the  model  system  influenced  the  degradation 
rate  of  a-tocopherol.  Ihe  thermodynamic  parameters  including  apparent 
n energies  and  Gibb's  free  energy  of  activation  were  indepen- 
or  storage  container  oxygen  content,  indicating  that  the 
>f  a-tocopherol  degradation  did  not  change  due  to  variation  of 

The  loss  of  a-tocopherol  during  storage  in  a dehydrated  model  food 
system  containing  an  unsaturated  lipid,  methyl  llnoleate,  could  be  mod- 

erol  was  affected  by  the  initial  a-tocopherol  concentration.  The  rates 
of  a-tocopherol  and  methyl  llnoleate  loss  were  affected  by  the  ratio  of 
a-tocopherol  to  methyl  llnoleate,  indicating  that  methyl  linoleate  and 
a-tocopherol  were  degrading  by  a complex  competing  reaction. 

ular  value  of  0.24.  The  rate  of  a-tocopherol  degradation  was  increased 

11).  The  rate  of  a-tocopherol  loss  decreased 

of  0.67).  The  rate  of  a-tocopherol  degrada- 

an  increased  concentration  of  reactive  volatile  decomposition  products 
or  a change  in  the  composition  or  concentration  of  the  reactants  formed 
during  storage  of  the  model  food  system.  Alpha-tocopherol  degraded  to  a 
level  of  20  ug  per  g in  the  model  system  stored  with  0.05  mmol  oxygen, 
while  a-tocopherol  in  the  model  food  system  stored  in  containers  having 


illary  hydra 


110 


mmol  oxygen  degraded  to  0 yg  pi 
.cate  that  oxygen  was  required 
: o-tocopherol  degradation  may 


r g model  system.  These  results 
3r  degradation  of  a-tocopherol  and 
e inhibited  In  the  absence  of  oxygen. 


Methyl  llnoleate  In  the  model  system  degraded  In  a zero  order  fash- 
ion. The  rate  of  methyl  llnoleate  degradation  was  affected  by  the  a^  In 
a pattern  similar  to  the  affect  of  aw  on  the  rate  of  n-tocopherol  degra- 
dation. Methyl  llnoleate  degraded  more  rapidly  when  stored  in  a con- 
tainer with  limited  headspace.  This  indicates  that  the  concentration 

the  model  food  system  with  limited  headspace,  and  these  differences 

llnoleate  degradation  decreased  as  the  initial  concentration  of  a-tocoph- 
erol was  Increased,  Indicating  that  methyl  llnoleate  and  a-tocopherol 

The  a-tocopherol  remaining  after  storage  in  a model  food  system 

determined  by  a rat  bloassay.  The  a-tocopherol  remaining  In  a stored 
model  food  system  containing  oxidizing  methyl  llnoleate  had  a decreased 

lipids.  Alpha-tocopheryl  oxide  and  a-tocopheryl  quinone  exhibited  a- 
tocopherol  biological  activity  even  though  an  Increase  in  plasma  a- 


loglcal  response.  Indicating 


,o  occur.  Alpha-tocopheryl  dimer  did 
hat  this  degradation  product  had  lit 
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